Pilot-Scale Solvent Sublation for the Removal of Hydrophobic Compounds From Wastewaters. by Smith, Jeffrey Scott
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1996
Pilot-Scale Solvent Sublation for the Removal of
Hydrophobic Compounds From Wastewaters.
Jeffrey Scott Smith
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Smith, Jeffrey Scott, "Pilot-Scale Solvent Sublation for the Removal of Hydrophobic Compounds From Wastewaters." (1996). LSU
Historical Dissertations and Theses. 6216.
https://digitalcommons.lsu.edu/gradschool_disstheses/6216
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may be 
from any type o f  computer printer.
The quality o f this reproduction is dependent upon the quality o f the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if  
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in reduced 
form at the back o f  the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6” x 9” black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly to  
order.
UMI
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA 
313/761-4700 800/521-0600
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PILOT-SCALE SOLVENT SUBLATION 
FOR THE REMOVAL OF 
HYDROPHOBIC COMPOUNDS FROM WASTEWATERS
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department of Chemical Engineering
by
Jeffrey Scott Smith 
B.S., Purdue University, 1990 
May 1996
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI N u m b er: 9 6 3 7 8 0 4
C o p y r i g h t  1 9 9 6  b y  
S m i t h ,  J e f f r e y  S c o t t
All rights reserved.
UMI Microform 9637804 
Copyright 1996, by UMI Company. AH rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
© Copyright 1996 
Jeffrey Scott Smith 
All rights reserved
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
To my wife, Jean, 
whose love and encouragement 
makes it all worth while.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGMENTS
I thank my co-advisors, Dr. KalliatT. Valsaraj ("Raj") and Dr. Louis J. 
Thibodeaux, for their continued support of my professional development as an engineer 
and as a researcher. I thank Louis for introducing me to the subject of Environmental 
Chemodynamics and making me aware of yet another area for which chemical 
engineers can make a significant contribution. I give special thanks to Raj for 
encouraging me, as well as allowing me the freedom, to pursue my research interests 
independently not only in solvent sublation but also in other areas such as, 
chromatography, corrosion, and adsorption.
I thank my good friend and co-author, Louis F. Burns, for his contributions to 
the hydrodynamic studies conducted in this research. 1 thank my colleague, Dr. Brian 
L. Swift for his contributions to my work — in particular, the time he spent verifying 
the mathematical models developed in this dissertation. I also thank him for his 
guidance and leadership in the development of our "Micropore Condensation Theory" 
to explain the so called "Solids Concentration Effect on the Partition Coefficient of 
Suspended Solids". I thank Dr. Danny D. Reible for his guidance on such topics as, 
mathematical modeling and numerical methods. (Thank you Danny for stressing the 
importance of air-side resistance.) Special thanks is also given to Mike Kurtz for his 
contribution to the model-based control program which helped automate my 
experiments.
I acknowledge my student workers: Maria Paslander, Suchandra Kukatla, and 
Bobby Chiu. Their efforts are deeply appreciated and will not be forgotten. I am also 
grateful for the assistance of key departmental shop workers, Bob Perkins and Paul 
Rodriguez.
Lastly, I thank my parents, Ron and Janet, my wife, Jean, and God Almighty. It 
is their love and support which inspires me.
iv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PREFACE
In wastewater treatment plants, aeration devices such as diffused aerators and 
mechanical surface aerators are often used to facilitate the biological oxidation of 
organic compounds. In the case of diffused aeration, the process closely resembles that 
of a short, squat bubble column reactor with multiple air injection points. Recently, 
Chem and Yu (1995) reported that the air stripping which takes place in these devices is 
a serious and growing concern as waste treatment operators are being charged to further 
control their volatile organic compound (VOC) emissions. The authors stressed the 
need for improved mass transfer models which describe VOC emission from these 
devices and introduced a new oxygen mass transfer model. Although such activities arc 
indeed very good first steps, the problem of preventing VOC emission from these 
devices still remains. Moreover, the cunent system fails to remove organic compounds 
which are resistant to biological oxidation such as polynuclear aromatic hydrocarbons 
and chlorinated pesticides and insecticides. Though regulations may not require action 
now, it is anticipated that new or improved aeration technology that reduces VOC 
emission as well as targets compounds which resist biodegradation will soon be 
required. One potential alternative is solvent sublation.
Like the diffused aeration device, solvent sublation closely resembles a squat 
bubble column reactor and is basically operated in the same way; however, the 
difference is that a nonvolatile organic solvent is floated upon the aqueous phase. The 
advantage of the solvent is that it serves as a sink for VOCs as well as nonvolatile 
organic compounds (NVOCs) which are resistant to biodegradation. The fact that 
solvent sublation addresses the issue of NVOC removal makes it a very attractive pre­
treatment (or post-treatment) process to diffused aeration.
In adsorptive-bubble processes, such as solvent sublation, the surface active 
nature of organic compounds is exploited. That is, the processes utilize the material
v
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which is adsorbed to the air-water interface in its removal. Although it may not be 
obvious to the reader now (nor was it obvious to the author at first), this particular 
transport mechanism has profound effects on the removal efficiency and cannot be 
overlooked. Thus, one of the goals of this dissertation is to increase the general 
awareness of interfacial-sorptive mass transfer by illustrating its role in the treatment of 
wastewater. Though this example stresses the importance of the air-water interface in 
process applications, there are other practical areas where adsorption at the interface is 
important. Some examples include: the air-water interface in unsaturated porous media 
(Popvicova and Brusseau, 1996), fog droplets in air, aerosols in air, the sediment-water 
interface, etc. (Valsaraj, 1995a). The underlying mechanism of mass transport 
presented in this dissertation may be equally applied to all these areas. Moreover, 
though the scope of this work is focused on demonstrating, evaluating, and modeling a 
continuous pilot sublation process, the mathematical models developed in the text may 
be applied to general 3-phase (gas-liquid-liquid) transport problems. Some examples 
include: bubble fractionation and liquid-liquid extraction, which are special cases of the 
general models; predispersed solvent extraction; and other related floto-extraction 
processes such as dissolved air flotation and mineral and metal recovery processes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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N o m en c la tu r e
a, bubble radius, cm
A, dimensionless air concentration, A a —
HC°
c a . effective concentration of pollutant in air, mol/cm^
Cg, oxygen concentration is gas phase, mg/L
Co, concentration of pollutant in solvent, mol/cm^
Cy, concentration of pollutant in air, mol/cm^
Cw, concentration of pollutant in water, mol/cm^
CP, chlorinated phenol
dj, bubble-wake thickness, cm
ds> Sauter mean diameter, mm
d , water droplet diameter, cm
D, dispersion coefficient, cm -/s
Da b , liquid diffusivity, cm -/s
Dc, column diameter, cm
Eo, solvent-side entrainment number, En a  3 —̂ -— '...
QoKow*




fractional removal, FR a  1 -  —
CV'W
H, effective henry law constant, Hc + 3Ka /u
Hc, henry law constant, cm^/cm^
i, number of stages comprising the SCM
k, overall water-side mass transfer coefficient (air/water), cm/s
kl, overall water-side mass transfer coefficient (solvent/water), cm/s
k a , surface adsorption constant, cm
Kl Av> volumetric mass transfer coefficient, s ‘l
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K0w > solvent-water partition coefficient, cm^/cm^
K0w ", octanol-vvater partition coefficient, cm 3/cm 3
L, length of bubble column, cm
m, mass of pollutant carried by an air bubble, g
n, number of stages comprising the water column, n= i-1
0  H
PA, air-solvent capacity factor, P A = — A—c-
QoKovv
E Q
Pw, water-solvent capacity factor, P w s  —— s
QoKc
PAH, polynuclear aromatic hydrocarbon 
Fb i, air-phase Peclet number, Pe. s
jtrreD
Fb2, water-phase Peclet number, Pe2 s
Q WL
jii^ ( 1 - e)D  
QA air flow rate, cm^/s (cm^/min)
Qg,  gas flow rate, cm ^/s (cm^/min)
Qo solvent flow rate, cm^/s (cm^/min)
Qw, water flow rate, cm^/s (cm^/min)
rc, radius of bubble column, cm
C
S, dimensionless solvent concentration, S s  —
TC p °  ^ow w
3kL2
Sh 1 , air-phase Sherwood number, Sh> = -------
F 1 aDH
3kL2 e
Sh2, water-phase Sherwood number, Sh2 = --------------
aD 1 - e
. . , „ , . , , „ 3kJcr?LE
StA, air-side Stanton number (air/water), S tA s  -—
aQ AH
k jcr2( l  g j
St0) solvent-side Stanton number (solvent/water), S tQ = ——  ---------
Q o K ow
k jcr2( 1" e j
Stw , water-side Stanton number (solvent/water), S tw = —— 2---------
Q w
3 k:rr2Lc
StwAi watcr-sidc Stanton number (air/watcr), S twA = ------ -—
aQ w
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t, time, s
te, exposure time, s
Ug, superficial gas velocity, cm/s
u , bubble rise velocity, cm/s
Vb bubble volume, cm^
Vo, volume of solvent, cm^
Vw wake (or water) volume, cm^
W,
Cw
dimensionless water concentration, W s  —^
C°
e, gas holdup, cm 3/cm3
£H, henry enhancement factor, eh s l  +
aH c
6, gas distance, cm
<t>,
Q L2scale factor, x = — —  
DV0




eigenvalue (i = 1, 2 ,3 , or 4)
Kg, gas-side mass transfer coefficient, cm/s
K1 liquid-side mass transfer coefficient, cm/s
P. viscosity (water), g/cm*s
P. density (water), g/cc
o, surface tension, dyn/cm
2, dimensionless separation factor, 2  s ----- 2—
^ow^w
x, dimensionless time, x e
L2
dimensionless distance, F = —
b L
ii', kinetic rate factor
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Ab str a c t
Solvent sublation is a nonfoaming adsorptive bubble process which exploits the 
surface active nature of organic compounds in their removal from aqueous systems.
Gas bubbles are introduced into an aqueous media and are buoyed upward to an 
immiscible organic solvent. As the bubbles rise, organic materials are selectively 
adsorbed from the aqueous phase and transported to the overlying, quiescent solvent 
layer.
This dissertation studied three-phase, continuous solvent sublation of pyrene and 
pentachlorophenol from simulated wastewater at the pilot-scale. Steady-state removal 
efficiencies as high as 96% for pyrene and 94% for pentachlorophenol were 
demonstrated and were significantly greater than the corresponding 67% removal 
efficiencies observed in bubble fractionation. Moreover, experimentally determined 
separation factors, which are measures of the solvent utility, were as high as 300 
demonstrating the superiority of solvent sublation over solvent extraction.
Based on correlations and observations in the bubble column literature, it was 
determined that the upper limit of the homogeneous flow regime is the appropriate 
operating regime for solvent sublation. This is in contrast to previous sublation studies 
which indicated that the lower limit was preferred. Additionally, hydrodynamic data 
were collected from two different types of gas spargers: namely a porous frit and an 
annular shear sparger. The shear sparger differs from the frit in that bubbles arc 
generated in the presence of a shear field which tends to produce smaller bubbles. It is 
shown that the use of the annular shear sparger delays the transition from the 
homogeneous flow regime to the heterogeneous flow regime. Thus, for applications 
requiring homogeneous flow, column capacity is improved by 25%.
Two equivalent models (SCM and ADM2) were developed for predicting 
sublation performance. The transport mechanisms considered, in the order of their
xxii
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relative importance, were (i) sorptive mass transport, (ii) bubble-wake entrainment 
(solvent extraction of the aqueous boundary layer surrounding a bubble), and (iii) 
solvent-vvater molecular mass transfer. It was shown that the Henry enhancement 
factor, which accounts for surface adsorption at the gas-liquid interface is a good 
predictor of a compound's susceptibility to adsorptive mass transfer.
xxiii
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C h a p t e r  l .  In t r o d u c t io n
1.0 Overview
In this chapter, solvent sublation is introduced as an adsorptive bubble process. 
The means by which the process removes hydrophobic compounds from wastewater are 
briefly discussed and compared to other processes. A brief description of the transport 
mechanisms involved in solvent sublation is given with particular emphasis placed on 
the surface adsorption that occurs at the air-water interface. The chapter ends with a 
summary of the motivation and objectives for this research.
1.1. Solvent Sublation: An Adsorptive Bubble Process
Processes which exploit the tendency for organic compounds, ions, or particles 
to adsorb or to attach to air-water interfaces of rising bubbles are generally referred to 
as "adsorptive bubble processes" (Sebba, 1962; Karger e ta l., 1967b; Karger, 1972). 
There are two types of adsorptive bubble processes, foaming and nonfoaming. In 
foaming processes, surfactants are used to generate foam for the removal of particles by 
notation. Important applications include the cleaning and recovery of coal and graphite 
as well as valuable metals from ores and minerals (Finch and Dobby, 1990). In 
nonfoaming processes, surfactant may be used, but not under conditions which produce 
foam for flotation purposes. Nonfoaming processes are better suited for wastewater 
treatment since procedures to collapse and dispose wet foams are not required (Valsaraj, 
1995b). The classic example of a nonfoaming adsorptive process is bubble 
fractionation (Lemlich, 1966; Kown and Wang, 1971). Bubble fractionation is 
basically air-stripping in a bubble column. Other examples of nonfoaming processes 
are predispersed solvent extraction and solvent sublation (Valsaraj, 1995b). These 
processes are unique in that they blend the benefits of bubble fractionation with other 
separation processes.
1
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In predispersed solvent extraction, gas (air) and solvent (oil) are mixed with 
surfactant to generate polyaphrons and colloidal gas aphrons (CGAs) (Michelsen et al. , 
1986; Caballero et al. , 1989). Polyaphrons are globules of oil (95%) and water (5%) 
that range from submicron to approximately 50 pm in size. They are stabilized in 
aqueous solutions by thin soap films which surround each globule. CGAs (25 to 150 
pm) are similar except that they contain gas inside the soap film instead of oil. In the 
water column, the polyaphrons adhere to the surfaces of the CGAs. As the CGAs rise, 
solute molecules in the aqueous phase partition themselves between the polyaphrons 
and the water. At the surface of the column, the polyaphrons coalesce forming a layer 
of solvent containing the solute. In principle, this technique is an effective means of 
removing organic compounds from water; however, it removes compounds at the 
expense of contaminating the water with residual solvent and surfactant. Therefore, the 
effluent water from a predispersed solvent extraction column must undergo further 
treatment (Valsaraj, 1995b).
A process related to predispersed solvent extraction and the subject of this 
dissertation is solvent sublation (Sebba, 1962; Karger, 1972). In a review article 
(Valsaraj et al., 1991), the authors have described the transport mechanisms that are 
important to solvent sublation as well as discussed the general "state-of-the-art". The 
basic advantage of solvent sublation over predispersed solvent extraction and 
conventional solvent extraction is that intimate contact between the organic solvent and 
the aqueous phase is prevented. This feature overcomes the problem of residual solvent 
in the aqueous phase. Furthermore, the use of a surfactant is not crucial to the 
operation. There have been a number of examples where the hydrophobic nature of 
neutral-nonpolar compounds has been utilized to remove them in solvent sublation. 
Some examples appear in Table 1.1 in which the solute removed, solvent, and the 
operating conditions are listed. A surfactant is only necessary when the compound to
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Mineral Oil 3.5 cm x 85 cm 97 / nil (I luang et a l., 
1983)
Alkyl phthalates Mineral Oil 3.6 cm x 90 cm 1 8 0 /nil (Tamamushi 
and Wilson, 
1984-5)








5 cm x 100 cm 168/n il (Valsaraj mid 
Springer, 1986)




Mineral oil, 1 - 
octanol
2-octanol






Mineral Oil 3.5 cm x 60 cm 180/n il (Shih etal., 
1990)
PCP, TCP, naphthalene Mineral Oil 5 cm x 100 cm 
15 cm x 150 cm
250 / 25 (Valsaraj etal., 
1992)
be removed is ionizable, e.g. ionic dyes, metal complexes (Cervera et al., 1982; Huiru 
and Xiuyu, 1988; Wang e ta l., 1993), or phenols, as illustrated in Table 1.2. In the 
cases of weakly ionizable species, such as phenols, the use of surfactant can be avoided 
by adjusting the pH (Valsaraj and Springer, 1986).
Solvent sublation may be thought of as a combination o f conventional liquid- 
liquid extraction and bubble fractionation. In Figure 1.1, countercurrent configurations
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Table 1.2. Representative Solvent Sublation Studies of Ionic Compounds
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2-octanol 4.5 cm x 46 cm 30 / nil (Karger etal., 
1967a)
Methyl Orange HTMAB 2-octanol 9 cm dinm. (2 
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MIBK 6 cm x 76 cm 6 5 /n il (Nolmi and 
McTeman, 
1988)
PCP IITMAB Mineral Oil 
Decyl Alcohol
2.3 cm x 100 
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HTMAB Mineral Oil 
Decyl Alcohol
2.3 cm x 100 
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7 2 / 6  









Gold HTMAB 2-octanol, 
MIBK, n-butyl 
acetate, tri - 
butyl phosphate
3.7 cm x 40 cm 4 5 / nil (Wiuig et a l., 
1993)



























Aqueous Phase Out 
Solvent Sublation
Figure 1.1. Comparison o f Liquid-Liquid Extraction, Bubble Fractionation, and
Solvent Sublation
of these processes are compared. Like all adsorptive bubble processes, solvent 
sublation is similar to bubble fractionation. The difference is that in sublation, a 
nonvolatile organic solvent is floated upon the water column. In bubble fractionation, 
nonvolatile compounds become enriched in the top portion of the aqueous phase, and 
volatile organic compounds (VOCs) are lost to the atmosphere unless some other gas 
phase treatment is used. In solvent sublation, on the other hand, volatile and nonvolatile 
compounds are recovered in the solvent phase, just like they are recovered in the 
solvent phase used in the extraction process. In the extraction process, multiple stages 
are required for any appreciable recovery; however, in sublation, only one stage of 
solvent-water contact is required. Furthermore, in solvent sublation, mixers and settlers 
arc not needed which makes sublation less expensive. The biggest advantage over both 
conventional extraction (single-staged) and bubble fractionation is that a  higher degree 
of fractional removal is possible under certain circumstances (Valsaraj e ta l., 1991).
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1.2. The Mechanisms of Mass Transport
In solvent sublation, there are three principle pathways or transport mechanisms 
available for which the pollutant may be removed from the aqueous phase. They are 
transport by air bubbles, water entrainment due to the wakes of rising air bubbles, and 
molecular mass transport across the solvent-water interface. These mechanisms are 
illustrated in Figure 1.2, and are discussed below.
Figure 1.2. Mechanisms of Mass Transport at the Sol vent-W ater Interface
1.2.1. Transport by Air Bubbles
The most significant pathway for the removal of pollutants is the unidirectional 
transport by air bubbles. As air bubbles rise up the column, both volatile and 
nonvolatile compounds partition into and on the surface of the bubble. For dilute 
systems of volatile compounds, Henry's law adequately describes the extent of 
partitioning and ultimately, the extent of stripping. However, for the case of strongly 
hydrophobic compounds that are of low volatility such as pyrene and 
pcntachlorophenol, the partitioning process is primarily due to intcrfacial adsorption
Atm ospheric Air Phase
Transport with 
breaking bubbles
S t i l V & h t i P H a ' g e
Interface
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upon the bubble surface. The extent of partitioning can be determined by combining 
the equilibrium relationships for bulk phase partitioning and surface adsorption with a 
mass balance for the total amount of pollutant carried by a bubble of radius a.
m = 4iia2r  + — jra3Cv
* ( 1- 1)
In Equation (1-1), m is the total amount of pollutant, T is the surface concentration of 
‘he bubble, and C v is the concentration of pollutant in the air bubble. At equilibrium, 
the concentrations are related to the bulk-phase water concentration through linear 
relationships (Valsaraj, 1994),
r  = k ac w 
r - H r
where K a  is the interfacial partition constant, and Hc is the Henry's law constant.
When (1-1) and (1-2) are combined, an effective air concentration, Ca  results,
CA 4 ™3 la KA + Hc)Cw—na  ' v  (1-3)
The term in parentheses is the effective Henry's law constant, H. It depends inversely 
upon the air bubble size. The ratio of the Henry's law constants, H/Hc, is termed the 
enhancement factor, cH. From the values of H c and K a  shown in Table 1.3 for pyrcnc, 
one can determine that H is at least an order of magnitude greater than Hc. When the 
bubble radius is on the order o f 0.05 cm, H becomes over a hundred times greater than 
Hc. As it will be seen in subsequent chapters, this unique property makes pyrene and 
other similarly related compounds very susceptible to the sublation mechanism.
1.2.2. Bubble-Wake Entrainment
Bubblc-wakc entrainment is the second most important transport mechanism in 
solvent sublation. It results from the fact that in general, a bubble rising in the column
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Constant, Ka  (cm)
5.39E-03 6.70E-04
is not spherical. It is actually shaped more like a semi-spherical cap. Located behind 
the bubble resides a small quantity of water called the wake (Fan and Tsuchiya, 1990), 
the amount of which is defined by the streamlines in the fluid created by the rising 
bubble. When the bubble and wake enter the solvent, the wake disengages and 
becomes a small droplet that slowly descends to the aqueous phase. This releases 
pollutant back into the solvent. The droplet then returns to the aqueous phase with an 
equilibrium amount of pollutant. Since this process occurs each time a bubble enters 
the solvent, bubble-wake entrainment, or simply entrainment, is a significant means of 
transport. To account for this type of transport, it is assumed that the wake uniformly 
surrounds the bubble such that the volume of the wake can be approximated as 4na~d\, 
where dj is the wake thickness. (It will be argued in Chapter 5 that under the operating 
conditions studied in this work, this assumption may be a better description of the actual 
physics of bubble-wake entrainment than the conventional description given above.)
1.2.3. Solvent-W ater Phase Molecular Mass Transfer
Unarguably, the organic solvcnt-water interface is the focal point for all mass 
transport. As shown in Figure 1.2, one of the transport mechanisms across the interface
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is molecular mass transport. In a conventional liquid-liquid extraction process, this is 
the sole mechanism of transport and is very important. However, it is not as important 
in solvent sublation. The explanation for this is that in a sublation column, convective 
mass transport due to the rising air bubbles overwhelms the rate of molecular mass 
transport and prevents the establishment of equilibrium across the solvent-water 
interface. This is only true if the sublation column is operated in a three-phase 
continuous mode where steady-state operation is possible.
1.3. Motivation for Research
As was seen in Tables 1.1 and 1.2, most of the sublation work to date has been 
conducted on small-scale laboratory columns operating in a  batch mode relative to the 
solvent phase. Though this type of information is important for studying the transport 
mechanisms in sublation, it is not useful for ascertaining scale-up or industrial 
feasibility.
In recent years (Lu e ta l., 1991; Valsaraj and Thibodeaux, 1991b; Valsaraj and 
Thibodeaux, 1991a), investigators of solvent sublation have focused on semi- 
continuous operation (continuous, countercurrent air and water phases) and the effect of 
column diameter on mixing. These studies demonstrated the feasibility of operating 
continuously and showed that solvent sublation consistently out performed bubble 
fractionation in terms of fractional removal. Furthermore, sublation performance was 
found to be less dependent on the column diameter. This was in contrast to the bubble 
fractionation results where the performance suffered as the diameter increased. It is 
generally known that increasing the column diameter adversely affects the axial mixing 
in bubble fractionation (Kown and Wang, 1971; Deckwer e ta l., 1974; Shah eta l., 
1982); however, it was concluded that once a solvent layer captures the solute as in 
sublation, it is retained as the solvent possesses a greater affinity for the solute.
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From preliminary studies using a 15 cm diameter column, Valsaraj et. al. (1992) 
recognized that the inability to produce small bubbles (< 1 mm) at high air flow rates (> 
600 ml/min) may be a problem in scaled-up operation. It was also observed that over a 
long duration, the activity in the stagnant solvent phase becomes greater than that in the 
water phase, in which case, the driving force for mass transport is reversed. It was 
recommended that future studies should investigate ways to produce and maintain small 
bubbles at high air flow rates and reduce back mixing from the organic solvent to the 
aqueous phase by continuously replenishing the solvent phase.
1.4. Objectives
Though past pilot attempts have been fruitful in identifying the transport 
mechanisms, studying the sublation process as a unit operation has not been done.
Thus, the objectives of the work presented in this dissertation are as follows: (i) 
development of a steady-state mathematical model more suited for engineering 
applications and scale-up; (ii) assess the effect of novel gas spargers on the bubble size 
and other hydrodynamic properties; (iii) assess the effect of air, solvent, and water flow 
rates on the performance of a three-phase continuous sublation column; and (iv) due to 
great concern about the solvent becoming entrained into the water phase, construct and 
demonstrate a reliable level control for the solvent-water interface. The goals of this 
work are two-fold: (i) to show that solvent sublation is a viable, industrial alternative 
for the treatment of wastewaters and (ii) to raise the general awareness of the benefits 
associated with sorptive-mass transport.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C h a p t e r  2. su b l a t io n  C o lu m n  H y d r o d y n a m ic s
2.0. Overview
In this Chapter, it is argued that the bubbly flow or homogeneous regime is the 
appropriate operating regime for solvent sublation. W ell-accepted correlations and 
observations cited from bubble column hydrodynamic studies are used to support the 
argument. The discussion then shifts to the homogeneous/heterogeneous transition 
point. It is suggested that small improvements in gas sparger design can delay the 
transition and improve the capacity of solvent sublation. The chapter ends with a brief 
discussion of axial mixing and a speculation on how it may influence mass transfer.
2.1. Historical Perspective o f Sublation Hydrodynamics
Historically, solvent sublation experiments have been conducted within the 
"string bubbling" flow regime (Ishii and Zuber, 1975; Geary, 1992). This flow regime 
is characterized by superficial gas velocities less than about 0.2 cm/s and bubble 
diameters less than 1 mm. Bubble coalescence is virtually nonexistent in this regime 
because the bubbles do not interact with one another as they rise up the column. The 
motivation for operating in this regime has been based on the fact that in solvent 
sublation, the driving force  for mass transfer, (Cw - C a /H ), is a  function of the bubble 
size. It was shown in Chapter 1 that the effective Henry law constant, H, is inversely 
related to the bubble radius. Since large values of H are desirable, the consensus of 
previous investigators has been that the fate of solvent sublation hinges on the ability to 
generate and maintain small bubbles (Valsaraj eta l., 1991).
Though small bubbles are desirable and are very important to sublation 
performance, the problem with placing too much emphasis on bubble size is that the 
effect of gas holdup on the overall interfacial area per unit volume is neglected. This 
has been the case in past sublation models (Valsaraj and Thibodeaux, 1991; Shibata and 
Tokunaga, 1994) which have been derived from the analysis of one bubble rather than
11
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the total gas volume contacting the water. Since all of the experimental data to date has 
been collected at very low gas velocity (low gas holdup), these models have worked 
well; however, they do not apply outside the string bubbling flow regime and cannot be 
used for extrapolation. Unfortunately, previous investigators have used these models to 
determine the effect on scale-up. Consequently, the general belief that scale-up is 
limited to the string bubbly flow regime is not accurate.
2.2. Flow Regime for Solvent Sublation
Bubble column processes are often classified by the flow regime in which they 
operate (Geary, 1992). Figure 2.1 illustrates the different types of two-phase flow that 
are observed in solvent sublation. As already eluded to, each flow regime is usually 
defined in terms of superficial gas velocity. The string bubbling flow regime has 
already been described and occurs at < 0.2 cm/s. At higher velocities, 0.2 < ug < ~ 4 
cm/s, the number of bubbles and their size increase, as shown in the homogeneous 
regime. In this regime, the bubbles making up the swarm still behave somewhat 
independently. The bubbles are of uniform size varying from 2 to 6 mm; gas holdup is 
radially uniform; and liquid circulation is minimal. At a velocity equal to ~ 4  cm/s, a 
transition to the heterogeneous regime is observed where the processes of bubble 
coalescence and break up significantly alter the size distribution as well as other 
hydrodynamic properties such as axial mixing. The heterogeneous regime is 
characterized by severe turbulence, short circuiting of the gas by liquid circulation 
(channeling), and bimodal bubble size distributions. For small column diameters, the 
flow may begin to "slug" up the column as shown in the figure.
Based upon the qualitative descriptions of these flow regimes, one can conclude 
that heterogeneous flow is not desirable in solvent sublation as bimodal-bubble size 
distributions adversely affect the interfacial-adsorption mechanism. Additionally, 
operational difficulties associated with solvent-water interface control become
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String Bubbling Homogeneous Heterogeneous
Chum-turbulent Slug-flovv
Figure 2.1. Flow Regimes in Sublation Columns
significant due to the intense turbulence which causes the solvent to be mixed 
throughout the system. Though many industrial columns operate in the chum-turbulent 
regime to maximize column throughput, the advantage of sublation is lost in this 
regime. One can argue then that the optimum flow regime for solvent sublation is the 
homogeneous regime which balances column throughput with a  stable, uniform bubble 
size distribution. In fact, it turns out that the interfacial area is actually higher in the 
homogeneous regime than in the string bubbling flow regime. To understand why this 
is the case requires some knowledge of column hydrodynamic properties and the ability 
to predict them.
2.3. Hydrodynamic Properties Affecting Interfacial Area
Over the last 35 years, there have been a vast number of bubble column studies 
which have investigated ways to predict hydrodynamic properties from observable 
quantities. Two excellent review articles (Shah et al., 1982; Deckwer and Schumpe, 
1993) summarize many of the correlations available for design and scale-up. In Table
2.1, some well-accepted correlations for gas hold up, bubble size, interfacial area, and 
the liquid-dispersion coefficient are listed. Of these hydrodynamic properties, the
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interfacial area is the most important in solvent sublation. As illustrated in the table, 
Akita and Yoshida (1974) showed that for a given system, the interfacial area may be 
predicted solely from the gas holdup. However, in general, interfacial area is defined as 
ay = 6e/ds . Using the correlations for gas holdup and bubble size in Table 2.1, one can 
show how the interfacial area depends upon the gas velocity.
As can be seen from the first gas holdup correlation (Akita and Yoshida, 1973), 
the dependence on velocity is approximately linear at low gas velocity (homogeneous 
regime), but as the velocity increases, the dependence becomes less so. This is best 
illustrated by the second correlation for holdup (Hikita eta l., 1980) which shows a 
square-root dependence in the heterogeneous regime. In the homogeneous regime, 
bubble size has an approximate 1/2 root dependence on velocity. However, at higher 
gas velocities, the bubble size has a weak inverse dependence on velocity. The reason 
for this is that in the heterogeneous regime, bubble breakup and coalescence begin to 
dominate over bubble formation dynamics (Geary and Rice, 1991). When the effects of 
velocity on gas holdup and bubble size are combined, the net effect is that the 
interfacial area per unit volume increases with approximately the square-root of 
velocity, despite the fact that the interfacial area per bubble decreases. Since this 
dependence is only valid in the homogeneous regime, the implication is that for solvent 
sublation, the appropriate velocity which maximizes capacity is the upper limit of the 
homogeneous regime. The question is, however, what exactly is the upper limit of the 
homogeneous regime? and can the limit be exceeded?
Geary and Rice (1991) showed that as gas velocity increases, a transition occurs 
in which the dynamics governing bubble formation no longer control. At the transition, 
the process of bubble breakage determines the upper limit of the bubble size. Using 
their description of bubble dynamics, one can estimate bounds for the transition from 
homogeneous flow to heterogeneous flow. Figure 2.2 is a similar figure to the one
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Table 2.1. Correlations for Predicting Hydrodynamic Properties in Bubble Columns
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Figure 2.2. Bubble Size as Predicted by Formation Dynamics and Breakage due to
Turbulence
presented by Geary and Rice. In the figure, two curves for bubble size as predicted by 
breakage are given. Though only one breakage curve is unique for a given system, 
these two curves serve as practical lower and upper bounds. The curve based on the 
power model represents a bubble formation model. The points of intersection shown in 
the figure define the most probable range of gas velocities where the transition point 
may be found. As stated earlier, the upper limit for the homogeneous regime is 
generally accepted as = 4  cm/s which falls in the range.
It is emphasized that the transition point is approximate and is dependent upon 
operating conditions (i.e. surfactant, type of liquid etc.) and sparger design. Hills 
(1974) showed that the effect o f pore diameter on perforated plates can affect the
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transition. With small pore diameters (0.4 mm), homogeneous flow was sustainable to 
3 cm/s gas velocity while for large pore diameters (1.6 mm) homogeneous flow was 
never observed. Flexible spargers (Rice e ta l., 1981), whose pores expand with gas 
flow, have shown that the circulatory patterns can be damped which delay the point of 
transition into the heterogeneous regime. Thus, it is not exactly clear what the upper 
limit is; however, it is clear that small improvements in sparger design have the 
potential to delay the transition to the heterogeneous regime. An improvement as small 
as 1 cm/s represents roughly a 25% increase in column capacity for those applications 
requiring homogeneous flow.
2.4. Axial Dispersion and Mixing
As indicated by the large number of articles in the open literature, liquid mixing 
in bubble column reactors is a complex phenomenon whose physics has not been fully 
understood. However, many of the mechanisms affecting mixing are known. Burns 
(Bums, 1995) gives an excellent description of the mechanisms contributing to mixing 
and circulation in bubble columns. In brief, liquid circulation is believed to arise from 
radial gradients in gas holdup. The radial gradients result from the fact that large 
bubbles rise up the center of the column while small bubbles tend to rise up along the 
walls. Due to the greater buoyancy force associated with the larger bubbles, liquid is 
pumped up the center only to return down the walls. This mechanism of circulation has 
been described in terms of a Taylor-type axial dispersion coefficient and is believed to 
be the most dominant mechanism affecting mixing (Rice et al., 1993); however, 
determining the circulation velocity requires the radial gas holdup profile, which is 
difficult to obtain experimentally.
Other mechanisms include eddy diffusion and bubble-wake entrainment; 
however, there is a debate over the significance of bubble-wake entrainment (Burns, 
1995). Eddy diffusion, which results from turbulence at the wall, is usually expressed
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in terms o f the Prandtl mixing length and the shear stress (velocity gradient). However, 
in the aforementioned circulation model, a shearing surface exists also at the point 
where rising liquid meets falling liquid. Thus, the claim that Taylor dispersion is the 
dominant form of mixing may not be true.
Kolmogoroff's isotropic turbulence theory states that the energies associated 
with turbulence depend upon the length scale of the eddies and the energy dissipation 
per mass. Accordingly, investigators (Baird and Rice, 1975; Kantak et al., 1994) have 
suggested functions for the eddy diffusion coefficient based on this theory as shown in 
Table 2.1. Given that the energy dissipation per unit mass is related to the gas velocity, 
the simplest empirical model for eddy diffusion is the product o f a characteristic mixing 
length and the gas velocity. As indicated in the table, a term called the axial dispersion 
coefficient, D, is used to describe axial mixing instead of the eddy diffusion coefficient. 
This is because in general, eddy diffusion and Taylor dispersion are lumped together. 
However, Rice and Littlefield (1987) argue that the effects of these mechanisms may be 
separated if truly vertical columns are used. In which case, the effects of Taylor 
dispersion are absent, and the scale of mixing becomes the bubble size diameter which 
is the smallest scale that can exist based on physical arguments. The authors also say, 
though, that for nonvertical columns the length scale is the column height. This 
suggests that the Kantak dispersivity model adequately describes the mixing in bubble 
columns despite the nature o f  the mixing.
2.5. Influence of the Mixing Length on M ass Transfer
The nice feature about the mixing length approach is that it may be used in the 
calculation of the air-water mass transfer coefficient. For example, consider the well- 
known Higbie penetration theory, which is commonly used for predicting the mass 
transfer coefficient in bubble columns. In this theory, the mass transfer coefficient is 
inversely dependent upon the square root of the exposure time, which is defined as the
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time a packet of fluid (eddy) is exposed to the interface through which mass transfer 
occurs. The exposure time may be calculated as the ratio of the mixing length (i.e. the 
size of the eddy) to the relative velocity between the eddy and the interface. To 
illustrate this, consider the example of Taylor and Krishna (1993) who describe the 
process of stripping water from a triethylene glycol solution with air bubbles. In the 
example, the process is carried out in a distillation tray column. It is assumed that the 
bubbles are 5 mm in diameter and rise with a velocity, U. Additionally, the interphasc 
mass transfer process is liquid-side controlled. The authors calculate that the exposure 
time is the ratio of the bubble diameter to the rise velocity because "the contact time is 
the time required for a bubble to rise one diameter". In this case, the mixing length is 
the bubble diameter, and the relative velocity between the eddy (water) and the air- 
water interface is the bubble rise velocity.
In Chapter 5, this approach for predicting exposure times is extended to the case 
of air-water mass transfer in solvent sublation. It is proposed that the exposure time is 
the ratio of the characteristic mixing length for the phase whose mass transfer resistance 
is controlling to the relative velocity between the eddy and the interface.
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CHAPTER 3. MATERIALS AND METHODS
3.0. Overview
A description of the materials, apparatus, and operating procedure used in the 
solvent sublation of targeted organic compounds is given. Fractional removal profiles 
versus time are presented which show that an electrical-conductivity, model-based, 
control algorithm is superior to an ultrasonic, on/off type level controller. Additionally, 
two different types of bubble generators (gas spargers) used in the process are 
described, namely a fine porous frit sparger and a annular shear sparger. Procedures for 
determining hydrodynamic properties and methods used to analyze the target organics 
are also summarized.
3.1. Materials
The compounds chosen as the target organics to be removed from water were 
pyrene and pentachlorophenol (PCP). Pyrene is an example of a  polynuclear aromatic 
hydrocarbon (PAH) which is a  derived compound from coal gasification. PCP is an 
example of a commercially manufactured insecticide. These compounds pose a 
significant threat to life and are classified as Priority Pollutants by the U.S. 
Environmental Protection Agency under the Clean Water Act o f 1977 (Montgomery 
and Welkom, 1990). Unlike many of the priority pollutants which are designated as 
volatile organic compounds (VOCs), pyrene and PCP posses very low vapor pressures 
and are often referred to as nonvolatile organic compounds (NVOCs). As shown in 
Table 1.3, these compounds also have very low water solubilities and are often 
described as hydrophobic. Though the term implies that the NVOC is in some way 
"fearful" of water, the term is used to describe the inability of the water to hydrogen 
bond with the NVOC. A "strongly hydrophobic compound" is then a compound whose 
presence perturbs the free energy of the water to the extent that the solution must seek 
ways to reduce contact between the water and the compound (Valsaraj, 1994). The
20
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solvent-water partition coefficient, K 0w (or the octanol-water partition coefficient, 
K0w") is a measure of this hydrophobic effect. One of the ways in which the free 
energy is reduced, of course, is by solute adsorption to nonpolar surfaces, such as the 
air-water interface. Thus, based on physical properties, pyrene and PCP are particularly 
susceptible to the sublation mechanism.
Light-white mineral oil was chosen as the solvent phase. There are several 
advantages of this solvent over other organic liquids. First, the physical properties of 
the oil are highly desirable. The density is 0.86 g/cc; the vapor pressure is low; and it 
does not posses a foul odor. Secondly, it is commercially inexpensive although the oil 
used the experiments was somewhat costly since it was reagent grade. The third reason 
for choosing mineral oil was because of its strong affinity for pyrene and PCP. As 
discussed in Appendix A and in later chapters, the oil/water partition coefficients for 
these compounds are very large. Another reason for choosing mineral oil was because 
of its strong immiscibility with water. As shown in Appendix B, the solubility of the oil 
is less than 1 part per billion. Moreover, measurements of the surface tension of oil - 
saturated water suggest that the column hydrodynamic properties are unaffected 
(Appendix B).
All of the compounds used in the experiments were obtained from Sigma- 
Aldrich. Distilled water and air were supplied by LSU plant utilities. Although the air 
was not ultrapure, CaCl2  and other related filters were used to remove foreign matter. 
(The filters were not used to dry the air. The air entered the column water-saturated.)
3.2. Sublation Process A ppara tu s and  O perating  P rocedure
3.2.1. The Sublation Process
An illustration of the pilot sublation process is shown in Figure 3.1. The process 
consisted of a Pyrex® glass column having an inside diameter of 4" (0.1016 m) and a 
length of 5' (1.524 m). The column was mounted on a square plate of Lexan®
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
















AirA I Annular 
I Water Jet
Air
Annular Shear Snaraer J Porous Frit Sparger
Figure 3.1. Schematic of Pilot Process for Solvent Sublation
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(polycarbonate) which was supported by four metal legs. The legs were attached to a 
large stainless-steel spill pan (not shown in the figure) and were adjustable so that the 
column could be aligned near-perpendicular with the horizontal plane. Mounted on the 
top of the column was a cylindrical overflow reservoir made o f Lexan®. The 
dimensions of which were an inside diameter of 11" (0.2794 m) and a height of 10.5" 
(0.2667 m). The reservoir was seated approximately 4" from the top of the column and 
was sealed with an o-ring. A thin coating of Dow Coming silicone grease was also 
used as a seal. The function of the overflow reservoir was to prevent the solvent from 
being entrained and mixed throughout the column.
Two 5 gallon (19 It) Pyrex® glass containers were used as water feed and 
product tanks as shown in Figure 3.1. Six other 5-gallon tanks (not shown in the figure) 
were used for feed stock preparation. A plastic container (normally 1 It) supplied by the 
solvent manufacturer was used as the solvent feed tank, and a 1 gallon (3.785 It)
Pyrex® glass container was used to collect the effluent solvent. Air to the column was 
supplied by LSU plant utilities. The air was regulated to 25 psig (274 kPa).
The feed water entered the top of the column, flowed countercurrently against 
rising air bubbles, and exited the bottom of the column. The solvent entered the top of 
the reservoir and exited through a standpipe positioned opposite of the solvent inlet.
Air was fed at the base of the column mount where it was sparged into the column as 
bubbles. All of the tubing used in the process was teflon PFA which is resistant to 
chemical attack as well as chemical deposition. The water and solvent How rates were 
controlled by FMI metering pumps, and the air How rate was controlled by an Omega 
How tube. The range of possible flow rates were: 0-139 ml/min water, 0-19 ml/min 
solvent, and 0-17340 mlSTP/min air. Calibration data for the pumps and How tube are 
cited in Appendix C.
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3.2.2. Solvent-W ater Interface Control
Two control schemes were used for controlling the position of the solvent-water 
interface. The first employed a 1/4" U-tube arrangement and an ultrasonic level switch. 
The U-tube, which attempted to control the level in the column by static pressure 
differences, extended from the base of the column to approximately the height of the 
solvent-water interface and was adjustable. A 1/2" tube, opened to the atmosphere, was 
slipped over the U-tube. If the 1/2" tube had not been opened to the atmosphere, the 
tube would have siphoned the entire contents of the column. Because the fluid density 
in the column was different than that in the U-tube, the use of static control alone was 
not adequate. Therefore, an Omega liquid-liquid interface switch (Model LV-241) and 
a solenoid valve were used to assist the static control. The switch detected the solvent- 
water interface by monitoring the time for ultrasonic sound to travel through the liquid 
media. When the sensor detected a time deviation greater than or less than the 
programmed deadband, the switch sent a signal to the solenoid and the appropriate 
action was taken. This arrangement served reasonably well as the approach to steady- 
state required about 15 hours. Figures 3.2 (a) and 3.2 (b) show typical fractional 
removal profiles obtained from the sublation process with the ultrasonic-based 
controller. On occasion, however, process upsets did occur and were the result of the 
ultrasonic switch failing to detect deviations from setpoint. For example, two upsets 
occurred during run R-88 as shown in Figure 3.2 (c). In both occurrences, the solvent 
was displaced with water because the switch failed to detect that the interface position 
had increased. This type of failure was more common than solvent infiltration because 
of the large Qw/Qo ratios used in the experiments. The process upsets were avoided 
with simple manual adjustments that included resetting the ultrasonic switch and 
adjusting the height of the weir in the overflow reservoir.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.000
’I  0 .9 0 0
I





0 .7 0 0
0 .600
0 .500
R - 1 0 6 -1 -8 -9 5
10 15 2 0
Time (hr)




§  0 .80  
CC
§ 0 -7 0
g
S3 0 .60  
l l .
R - 117 -3 -7 -9 5
0 .50
0 5 10 15 20 2 5 3 0









. / V  V ----------
t t
__V NJ
Lost Solvent Lost Solvent 
Layer Layer
R -8 8 -1 0 -1 3 -9 4
10 15 2 0  2 5
Time (hr)
3 0 35 4 0
(c)
Figure 3.2. Fractional Removal Profiles Obtained with the Ultrasonic Level Controller 
(a) Run R -106-1-8-95 (b) Run R-l 17-3-7-95 (c) Run R-88-10-13-94
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
To eliminate the need for human intervention, a second control scheme was 
constructed. The Data Acquisition and Control system (DAC) is an original, low-cost, 
data collection and control device which was built from basic electronic components 
and was a key factor to the success of this study. In the DAC system, the control action 
was based upon the electrical-conductivity profile in the overflow reservoir. As 
illustrated in Figure 3.3, six pairs of nichrome electrodes, encased in glass tubes, were 
immersed in the overflow reservoir to different depths. As shown in the figure, the 



















Figure 3.3. Conductivity-Based Level Control Scheme
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design specifications of the probes are shown in Figure 3.4. Each pair of probes was 
subjected to a  5 kHz VAC potential. This potential was supplied by what was called the 
Instrument Interface, which was a combination of a power transformer and a sine wave 
generator. The high frequency sine wave was necessary as it prevented polarization of 
the probes. A PC-compatible multimeter was used to measure the conductances by 
remotely connecting the (+/-) leads of the multimeter across resistors which were in 
series with the probes. Placing the leads across the resistors was the task of the 
Communication Interface. Its function was to intercept the RS-232 signal from the PC 
to the printer, amplify the signal, and direct it to a bank of relay switches that moved the 
leads from one resistor to the next. The multimeter then transmitted the data to the PC 
where the interface position was calculated by a linear interpolation scheme. Finally, a 
model-based control algorithm then determined the output to the solenoid valve. One 
of the unique features of the controller was that it simulated the valve action as if it had 
full dynamic range. With the DAC system, the control of the process was improved
nichromewire 
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Figure 3.4. Conductivity Probe Design Specifications
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significantly. Figure 3.5 shows three representative runs where conductivity-based 
control was used. In all cases, the deviations about steady-state were within ±0.012 
fractional removal points, and in no instance did a process upset occur. It is emphasized 
that though the DAC system was developed for the specific purpose of level control, its 
robust design makes it easily adaptable to other laboratory applications. For further 
details on the construction of the DAC system and the control program, the reader is 
referred to Appendix D.
3.2.3. Bubble Generators
Two types of bubble generators were used in the process as shown in Figure 3.1. 
The first was a fine porous glass frit having an estimated mean pore size of 1.7 x 10*6 m 
and a diameter of 0.09 m. This bubble generator was referred to as the conventional 
sparger. The second bubble generator shown in the figure is referred to as an annular - 
shear sparger and was obtained from the Mott Metallurgical Corporation. It differed 
from the conventional sparger in that an external velocity field was set up parallel to the 
sparger surface. The idea was that the velocity field provided an additional force, 
namely a shear force, to those already acting on the bubbles, such as buoyancy, surface 
tension, and gas momentum. The porous element used in the annular-shear sparger was 
a cylinder made of 316SS having a porous surface area of 0.1 f t -  (92.9 cm -)  and mean 
pore size of 2.0 x 10"6 m. The element was placed in a 3/4" NPT-PVC pipe, and an 
external pump loop was used to set up a velocity field (water jet) in the annulus. A 
schematic of the element showing the design specifications appears in Figure 3.6.
3.2.4. Operating Procedure
The objective of each sublation and bubble fractionation experiment was to 
approach and maintain a steady-state fractional removal of a selected pollutant from 
simulated wastewater. A detailed procedure was developed to ensure that each 
experimental run was performed consistently. An outline of the procedure follows:
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Step 1) Several feed stocks of simulated polluted water were prepared. Preparing a feed 
stock involved spiking approximately 19 It of distilled water with a standard 
solution of pollutant in MeCN (acetonitrile) in one of the 5 gallon glass 
containers. The spiking procedure consisted of pipeting the aliquot of standard 
dropwise into the container and shaking the container gently between drops.
This prevented solid precipitation of the pollutant. A gear pump, rated at 1 
It/min, was used to circulate the feed stock water for at least 1 hour. The gear 
pump was then used to transfer the feed stock to the feed tank. Additional feed 
stocks were prepared as the run progressed to ensure a continuous supply of 
feed water. Usually, 3 to 6  feed stocks were required for one experimental run.
Step 2) Air flow to the column was turned on and the flow rate was adjusted
accordingly. The column was filled with either distilled water or feed water 
depending upon the supply of feed stock water. W ater was added until the level 
in the overflow reservoir reached about 3 inches (7.62 cm) above the top of the 
column. Approximately 1.5 It of solvent was then added. This provided about a 
1" layer in the overflow reservoir. The static control was adjusted, and the level 
interface switch was turned on. (In the case of the conductivity-based controller, 
the DAC system was supplied with the interface-height setpoint which was 6 " 
above the bottom of the overflow reservoir. The value of the water flow rate 
was also supplied to DAC system program.) The air flow rate was then re­
adjusted slightly as small pressure fluctuations often occurred during start-up. 
After start-up, the air flow rate was very stable.
Step 3) The water and solvent metering pumps were set at the appropriate flow rates 
and then turned on. This marked the beginning of the run. Aqueous influent 
and effluent samples were taken intermittently and analyzed for the organic 
compound being sublated. Each analysis included two replicates. Fractional
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removal was calculated as 1 -  Aeff / A inf, where A eff / A inf is the ratio of the
average effluent concentration to the average influent concentration. (Sample is
discussed in section 3.4.) The fractional removal results were entered into
Excel® spreadsheets, called Run Reports and were tracked with time until
steady-state was reached.
Step 4) After sustaining steady-state for several hours, an experimental run was
terminated by shutting off the water and solvent flow rates. The spent solvent in
the column was then drained to the spent solvent tank and the solvent was stored
for later analysis and disposal. The product water was filtered through a bed of
activated carbon and then disposed.
3.3. Determination of Bubble Column Hydrodynamic Properties
For the determination o f the hydrodynamic properties, the sublation process was
operated in a semi-batch mode. The column was filled with distilled water, and in the
cases o f the bubble size and dispersion measurements, no solvent was used.
3.3.1. Bubble Size
A photographic technique was used to measure the bubble size. A 35 mm
camera was positioned 1.5 ft from the column and 2 ft above the sparger. A sheet of
white paper was placed behind the column to provide a uniform background, and a 1 0 0
W att incandescent lamp fixed 90° relative to the field of view was used as the primary
light source (the room's fluorescent lights provided secondary lighting). The camera
was focused upon a 38 mm x 38 mm cross-section centered approximately in the
middle of the column. A template (graph paper) was placed on the exterior of column
in the field of view which served as a scale for image analysis. The shutter speed of the
camera was set at 0.001 per second. The film used was 400 ASA, but the photographs
were taken as 3200 ASA and were under-exposed and overdeveloped. This procedure
produced the best results for distinguishing the air bubbles from the water.
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Approximately 6  photographs were taken at each experimental condition. O f the 
photographs taken, four were selected for image analysis and were enlarged to 8 " x 1 0 " 
prints. The photographs were taken and developed by the LSU Photography 
Department.
Still-imaged, video of the enlarged prints were collected and recorded to 
computer disks. The imaging software which was used to record and analyze the data 
on the disks was JAVA®, a product from Jandel Scientific Corporation. Calibration of 
the video-images was done with the aid of a computer mouse to outline an area on the 
image containing the graph paper. The corresponding numerical value of the area was 
then entered into the software. After calibration, the cross-sectional area of a bubble 
was obtained from the software by simply tracing the bubble perimeter with the mouse. 
At least 50 bubbles per image were traced and analyzed. The data were transferred to 
Excel® spreadsheets where bubble size histograms and Sauter mean bubble diameters 
were calculated. The Sauter mean diameter, ds , was calculated as
where dj is the set of i diameters comprising the distribution and nj is the corresponding 
number of experimental observations for each diameter.
3.3.2. Gas Holdup
Gas hold-up was determined by measuring the change in liquid height, Ax, with 
and without air flow. The traditional equation used to calculate gas holdup was 
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where L 0  is the height of water without air flow. Gas holdup experiments without the 
overflow reservoir were conducted which showed that Equation (3-2) predicted the 
same value as the unmodified equation.
3.3.3. Axial Dispersion Coefficient
Liquid dispersion coefficients were estimated at different air flow rates by 
injecting a tracer (e.g. FD&C yellow 5, red 40, blue 1, red 3) into the top of the column 
and measuring the time for the tracer front to traverse a fixed distance. The analysis of 
such data began by considering the injection as a pulse of solute which is allowed to 
decay with time. The speed with which it decayed or spread throughout the column 
was indicative of the axial dispersion coefficient or the extent of mixing in the column.
The relationship that is often used to predict the concentration o f a decaying 
pulse is the Guassian function,
-  ^ / A  r - x 2/4Dt
V4jtDt (3-3)
The expression that controls the rate at which the front progresses is the 
dimensionless, inverse-time constant, x^/4Dt. The magnitude o f this value determines 
the type of diffusive behavior to be expected. For very small values, steady-state 
diffusive behavior is observed. For large values, much greater than one, the behavior is 
characteristic of diffusion in semi-infinite slabs. For diffusive behavior which is 
intermediate, the value is typically set to unity. Thus, the relationship used for 
determining the axial dispersion coefficient from the tracer data was
D - £  (3-4)
where t was the elapsed time for the front to traverse a known distance, x, down the 
column. Equation (3-4) may also be derived by equating (3-4) with the Guassian 
function to obtain, D = a 2 /2t, where a 2 is the variance (Cussler, 1987). Next, x2 /2,
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which is a good approximation for the variance, is substituted for a 2. In each dispersion
experiment, two times were recorded. One was the time at which the front reached the
27" mark, and the other was the time for it to reach the 54" mark.
3.4. Analytical Methods for Pyrene and Pentachlorophenol
3.4.1. Pyrene Analysis
A unique property of polynuclear aromatic hydrocarbons is that they are 
fluorescently active. Pyrene is especially active because of its rigid molecular structure 
and its large number of Jt-electrons. Since the level of detection of fluorescently-active 
compounds is on the order of picograms, there is no need for solvent exchange and 
sample concentration. Aqueous solutions can be analyzed directly.
Accordingly, a Hewlett-Packard 1046A fluorescent detector was used to 
determine the concentration o f pyrene in aqueous samples. The detector was connected 
in series with a Hewlett-Packard 1090L high performance liquid chromatograph and a 
Shimazdu auto-injector. A Hewlett-Packard 3932A integrator was also used. The 
settings for the analytical equipment are listed in Table 3.1. As shown in the table, the 
mobile phase MeCN concentration ranged between 70% and 85%. This was the result 
of the demand placed on the HPLC by co-workers; however, during the course of an 
experiment the mobile phase concentration was held constant.
Aqueous standards were used to calibrate the detector. Preparing the standards 
required a three-step procedure. First, a gravimetric solution o f pyrene in MeCN (3192 
mg/L) was prepared; secondly, 1000 pi of the gravimetric solution was diluted with 100 
ml of MeCN to make a 30 mg/L solution; finally, the samples were further diluted with 
distilled water to make the aqueous standards. The original 3192 mg/L solution was 
used to prepare the 5 gallon feedstocks needed for the sublation runs. For each 
sublation run or series of runs, new aqueous standards were prepared from the 30 mg/L 
MeCN solution and analyzed. Tables E .l, E.2, and E.3 in Appendix A list the
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concentrations of the aqueous solutions prepared as well as the corresponding detector 
responses. Also, plots of the detector response versus the pyrene concentration are 
shown in Figures E. 1 through E.3. Although the response of the detector was 
dependent upon the MeCN concentration in the mobile phase, the response in general 
was linear as the correlation coefficients calculated for each data set appearing in the 
figures were 99%. The variation between the data sets was attributed mostly to the 
error in sample preparation.
The error limits associated with the fractional removal data were calculated by 
propagating the variance of the data in Tables E .l through E.3. In this way, the errors 
associated with sample preparation, sample injection, sample detection, and even those 
associated with MeCN dependence are all included. Thus, the overall error may then be 
expressed as (3-5) where FR is the fractional removal.
(3-5)
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(FR was defined as 1 -  Aeff / A inf in section 3.2.4) Determining the partial derivatives 
of FR and substituting them appropriately into (3-5), one finds that the error limits 
associated with the fractional removal are
As shown in Figures E.1 through E.3, the absolute error in detector response increased 
with concentration. This behavior resulted from setting the photomultiplier gain at 12 
which provided better detector sensitivity at the low end. Therefore, ofr obtains its 
lowest values at the highest removal efficiencies, which was the intention. Table 3.2 
lists the overall error associated with the fractional removal as calculated by (3-6). For 
all except one or two pyrene sublation experiments conducted in this study, the removal 
efficiencies were well above 70% which indicates that the average RSD was 
approximately within 2.5%
Table 3.2. Relative Standard Deviation (RSD) versus Pyrene Removal Efficiency
(3-6)
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The relative standard deviations appearing in Table 3.2 reflect the propagated 
error of the ratio of detector responses. This is important to note because the error 
associated with the absolute measurements was greater as indicated in Table E.4. 
Because of the tendency for errors to cancel one another in a ratio of measurements, the 
RSD values shown in Table 3.2 are much smaller than those shown in Table E.4.
An HP8452 UV/VIS Spectrophotometer was used to measure the concentration 
of pyrene in the mineral oil. A standard solution was prepared gravimetrically by 
dissolving 0.5 gram of solid pyrene in 1 L of mineral oil. The dissolution was very 
slow as two days elapsed before the all of the crystals were dissolved. Aliquots of the 
standard were diluted with fresh oil to make standards suitable for calibration. The 
solutions ranged from 0.5 ppm(wt) to 7.40 ppm(wt). The analytical wavelength used 
for measuring absorbence was 340 nm. The Hewlett-Packard Chemstation software 
(ver 3.2) automatically interpreted the detector responses and performed the calibration. 
The uncertainty of the measurements (95% C.I.) was 6.48%.
3.4.2. Pentachlorophenol (PCP) Analysis
The UV/VIS spectrophotometer was also used to measure the concentration of 
PCP in water. A 520 mg/L solution of PCP in MeCN was prepared gravimetrically. 
Aliquots of this standard were diluted with distilled water to make solutions ranging 
from 0.5 mg/L to 10 mg/L. The pH of each solution was adjusted by adding 50 pL of 
sulfuric acid so that the standards would be of similar pH as the actual aqueous samples 
from the sublation column. UV absorbence of the standards was measured at 214 nm. 
The Chemstation software automatically calibrated the detector and calculated an 
uncertainty of measurement of 4.21% (95% C.I.). This uncertainty applied to all 
measurements as the sensitivity of the detector was not adjusted to maximize the 
response of the low end. When the appropriate form of Equation (3-6) was used to 
calculate cjfr, this uncertainty corresponded to the RSD dependence shown in Table
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3.3. Since the same uncertainty of measurement corresponded to all concentrations, the 
variability in the determination of the fractional removal was much less for the PCP 
experiments than the pyrene experiments.
A separate gravimetric standard, 0.06 mg/L PCP in MeCN, was prepared for 
spiking aqueous feed stocks with PCP. Given the large quantity of water spiked (19 L), 
a concentrated PCP solution was necessary to avoid altering the surface tension of the 
water with large amounts MeCN. Spiking the feed stocks with one, two, or three 1000 
pL aliquots of the standard resulted in either a 3.15 mg/L, 6.31 mg/L, or 9.47 mg/L feed 
concentration as shown in the run reports in Appendix H.1.2. However, variations 
about these values did occur. The first reason was due to adsorption of the PCP to glass 
walls and tubing while preparing the feed stocks. As outlined in the procedure for 
preparing feed stocks, efforts to minimize losses during feed stock preparation were 
made, but given the difficulty of the procedure some losses were inevitable. The second 
reason for variations in feed concentration was due to the error in filling the feed stocks 
with distilled water. This error was estimated as ± 500 ml (± 2.6%).
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C h a p t e r  4. M a t h e m a t ic a l  M o d e l in g
4.0 Overview
In this chapter, two mathematical models describing the mass transport in 
solvent sublation are developed. The first is referred to as the Series Continuous-Stirred 
Tank Reactor Model, or SCM for short. The second model is the well-known Axial 
Dispersion Model, or ADM. It will be shown that both models are mathematically 
equivalent and that one can easily convert from one to the other using a simple 
relationship. Nondimensional correlations, based upon simulated data, obtained from 
the SCM, are generated which predict the steady-state fractional removal and the 
separation factor for strongly hydrophobic compounds. The effects of operational, 
hydrodynamic, thermodynamic, and design variables on sublation performance are also 
discussed.
4.1. Background
The traditional (Lionel etal., 1981; Womack etal., 1982; Wilson and Valsaraj, 
1982-3; Huang etal.,  1983; Valsaraj and Thibodeaux, 1991a; Valsaraj and Thibodeaux, 
1991b) mathematical analysis of sublation columns involves dividing the column into a 
series of well-mixed stages, the number of which describes the degree of axial mixing, 
and simultaneously solving a set of mass balance equations. One nontraditional 
approach reported in the literature (Stachurski and Szeglowski, 1974) involves 
probabilistic arguments to predict removal efficiencies. Though there is nothing 
inherently wrong with either approach, they are not generally accepted methods of 
analyzing gas-liquid mass transfer in bubble columns. The preferred approach is to 
treat the water column as a continuum and to use the axial dispersion model (ADM) 
(Deckwer etal.,  1983; Deckwer and Schumpe, 1993). In the following development, 
both the traditional model and the axial dispersion model are applied to solvent
40
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sublation. The intent is to show that although the SCM has not received widespread 
acceptance, it is an effective tool for the analysis of sublation systems.
4.2. The Series CSTR Model (SCM)
In the SCM, the sublation process is considered to be a series of stages or boxes, 
each of which behave as a continuous-stirred tank reactor (CSTR). A general 
illustration o f the model appears in Figure 4.1. The top stage, designated as stage 1, 
represents the thin layer of solvent which floats upon the column of water. The stages 
below it make up the column of water. Each of which are partitioned into a water phase 
and an air phase. The volume fraction of air phase in the column is equal to the gas 
holdup, e, while that of the water phase is (1-e). The total number of stages comprising 
the water column determines the amount of axial mixing present in the column and is 
related to the axial dispersion coefficient as described in chapter 2. The simplest SCM 
case is a two box model. That is, the water column is comprised o f just one box.
The transport mechanisms shown in Figure 4.1 include convection, molecular- 










Figure 4.1 Depiction of the General SCM for Solvent Sublation
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and air, and bubble-wake entrainment. These mechanisms are included in steady-state 
mass balances that describe the transport of pollutant through the sublation process. For 
a two box SCM, the governing balances are
where C a , Cw , and Co are the air, water, and solvent concentrations, respectively, and 
QA, Qw . and Q 0  are the air, water, and solvent flow rates, respectively. The 
superscript, ° , designates the feed concentration. In practice, C a °  and C0°  are set to 
zero. The other variables appearing in the equations have been previously introduced in 
Chapter 1. When Equations (4-1) through (4-3) are divided through by QwCw°> 




1 -  W -  S twA ( W -  A) -  (Stw + Ew )(W - S )  = 0 (4-4)
A ° -  A + S tA(W -  A) = 0 
S° -  S+ (S t0 + E0)(W - S )  + Pa (eh A - S )  = 0
(4-5)
(4-6)
where the dimensionless concentrations, W, A, and S are defined as
(4-7)
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Because there arc three phases and two mass transfer coefficients, four forms of the
Stanton number appear in the model. They are defined in Equation (4-8).
e .  _ 3k JtrcL s  Cf _  k | j t r p ( l -  e)
i l vvA =  -----    w = --------------------
aQ w Q vv
(4-8)
3 k 3 t n L e  „  k . j i r ^ l - e )
S tA a  -—  St„ 3
aQ AH ° Q0K OW
Three other dimensionless numbers appear in the mass balances. These are the water­
side entrainment number, Ew , the solvent-side entrainment number, E 0 , and the air- 
solvent capacity factor, Pa , as shown in (4-9). The water-solvent capacity factor, Pw, 
is the ratio of the entrainment numbers.
E w a  3 Eq s  3 — —
Q w a  QoKow®
p  _ Q a H q p  _ E p _ Qw ( >
A Q0K 0W w Ew Q0K 0W
The entrainment number, E w , is the most important term in solvent sublation. 
For a given sublation process (column dimensions, sparger type, pollutant type etc.),
Ew influences the extent of stripping in the column through the ratio o f Q a /Q w , the 
mass transfer area (bubble size, a), and the degree of water entrainment into the solvent 
(bubble-wake thickness, dj). Because hydrodynamic properties are usually expressed as 
functions of gas velocity, the presence of Q a  in the expression also affects the gas
holdup and to a lesser degree the air-water mass transfer coefficient. The system of
Equations (4-4) through (4-6) has an analytical solution which is given in Appendix F .l. 
When the number of boxes used to describe the SCM is greater than two, the algebra 
quickly becomes too complex, and a numerical algorithm is necessary.
4.3 The Two-Phase Axial Dispersion Model (ADM2)
An alternative method for modeling the sublation process is to consider the 
water column as a continuum or as an infinite number of well-mixed, interacting boxes.
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The interactions allow for axial mixing which is defined in terms of a dispersion 
coefficient, assumed constant, and a second derivative in concentration. This is a 
common modeling approach and is desirable for a tall column or for any case of 
intermediate mixing.
Figure 4.2 shows a depiction similar to that used in the SCM; however, the 
transport mechanisms within the column have been drawn about a differential element, 
dx. The solvent is not considered part of the continuum and is treated as a separate 
well-mixed box. The governing equations that describe the transport of pollutant are
—  = - ^ 4 -  + Pe1—  + S h j(W -A ) (4-10)
dx  3 |
aw a2w  „ aw 
t o  ~  d %2 ~  2"a|"~ 2(W-A)




Equations (4-10) and (4-11) are commonly used transport equations for bubble columns 
referred to here as the two phase axial dispersion model (ADM2). Equation (4-12) is 
the mass balance for the solvent layer. The <(> term, (Q qL^/DV q), is a scale factor so 
that the time-scales of the equations are on the same basis. The other dimensionless 
variables that appear are defined in (4-13).
x. tD
L T =  L2
<*13>
s h 2 ,3kL >  s
aDH " a D H 1 - e
In a general case, the Peclet numbers would be written in terms of two different 
dispersion coefficients, one for the water phase and one for the air phase. In (4-13), it is 
assumed that dispersion is the same in both phases. This is a good assumption for the
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Figure 4.2 Depiction of the ADM2 for Solvent Sublation
bubbly flow regime; however, it has been reported (Shetty et al., 1992) that the 
mechanism of gas phase dispersion in the heterogeneous regime (characterized by two 
distinct bubble sizes) is distinctly different from that in the homogeneous regime. 
Therefore, the single dispersion-coefficient assumption is not valid in the heterogeneous 
regime. When the time derivatives in Equations (4-10) through (4-12) are set to zero, 
the model describes the steady-state situation, for which an analytical solution exists 
(see Appendix F.2.)
4.4. Relationship Between SCM and ADM2
A relationship exists (Fogler, 1992) that allows one to determine the axial 
dispersion coefficient used in the ADM2 from the number of well-mixed boxes used in 
the SCM. The derivation of the relationship involves determining the effluent response 
curves (or residence time distributions, RTDs) of both models when the mass transfer
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terms are set to zero, and the feeds to each model are subjected to a perfect impulse. 
Next, the variance (second moment) of the RTD for n-CSTRs in series is set equal to
the variance of the RTD for the axial dispersion model. The result is Equation (4-14).
(4-14)
l _ 2 _  _8_ 
n Pe Pe2
After rearrangement, the expression for the dispersion coefficient is obtained,
_  uL
D = ........................
n + v n 2 + 8 n (4-15)
where n is the number of CSTRs making up the water column (n=i-l), u is the gas 
velocity (ug/e), and L is the length of the vessel. The obvious benefit of this 
relationship is that one can easily convert between the SCM and the ADM2 given either 
the number of CSTRs or the axial dispersion coefficient.
4.5. Model Predictions
The two response functions that describe the effectiveness or performance of a 
sublation column are the fractional removal of pollutant, FR, and the separation factor, 
2. These response functions are defined in terms of influent and effluent concentrations 
as shown in Equation (4-16).
FR = 1 -  W - 1 - S s .
C?v
« r  (4-16)
2  = —  = °
W C K'-'w  lv  ow
The separation factor is the ratio of the effluent solvent concentration to the effluent 
water concentration and is a good measure of the effectiveness of solvent sublation 
relative to other liquid-liquid separation processes. Both response functions are 
dependent upon five types of variables: thermodynamic, kinetic, design, operational, 
and hydrodynamic. Not all of these variables, however, are independent. In most 
cases, the kinetic and hydrodynamic variables are defined in terms of the gas velocity,
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which is an operational variable. Hydrodynamic properties are also dependent upon the 
design variables, especially the sparger type. Thus, the problem of characterizing 
sublation column performance is one which investigates the effects of the operational, 
design, and thermodynamic variables.
4.5.1. Effect of Operational Variables (O Qw. On)
In Figure 4.3, a representative surface of fractional removal versus Q a  and Qw 
is shown for a strongly hydrophobic compound, like a PAH. The surface was generated 
from the SCM using typical values (i=2 and Qo=2 cc/min). An equivalent surface 
would result from the ADM2 if Pe i = 4. Other model parameters that were used to 
generate the surface are listed in Table 4.1. As shown in the table, the hydrodynamic 
variables were determined from power-law models which are representative of the 
bubbly flow regime (Clift etal.,  1978; Shah etal., 1982; Geary and Rice, 1991). The 
bubble wake correlation appearing in the table possesses the same functional form of 
experimental data cited elsewhere (Fan and Tsuchiya, 1990). Overall, the 
characteristics of the surface plot are what one would expect: fractional removal varies 
directly with air flow rate and inversely with water flow rate; and the approach toward 
unity is asymptotic. Though the surface plot nicely illustrates the model, it is not 
convenient for quantitative use. Furthermore, multiple surface plots are required to 
span Qo- Because of these reasons, an alternate way to present the model is necessary.
Since it has been customary in previous sublation studies to plot fractional 
removal versus a ratio of flow rates, the same fractional removal data used in the 
previous figure was plotted versus Q a/Q w  (see Figure 4.4). As can be seen in the 
figure, multiple values are predicted. The reason why this occurs is that fractional 
removal is affected by column hydrodynamic properties which are functions of gas 
velocity -  not Q a/Q w - For example, the hydrodynamics of the column are different at 
(Q a  = 2 0 0 0  cc/min, Qw = 2 0  cc/min) than they are at (Q a  = 1 0 0 0 0  cc/min,
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Figure 4.3 Fractional Removal versus Q a  and Q w as Predicted by the SCM
Table 4.1. Model Parameters for SCM with i=2
Therm odynam ic
Hc = 5 x  10-4
Kinetic
k = 5*10-4 
cm/sec
H ydrodynam ic
a = 0 .1  * ^ ; cm
Design
rc = 5.08 cm
K a  = 5 x 1 0 '3  cm kj = 1 0 -4  cm/sec E = 0.05 Ug L =  152.4 cm
Kow = 76412
n = 1
—  = 1.57 * 1 0 '4 * Vu0  741 
V b b
bubbly flow type 
sparger
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Figure 4.4. Fractional Removal versus Q a /Q w Shows Multiple Steady-States
Qw = 1 0 0  cc/min) even though the ratios of Q a/Q w  are the same. If Qw were fixed, 
then multiple values would not occur as the ratio Q a /Q w  would be directly proportional 
to gas velocity as well as being independent of Q w . Again, the problem with fixing a 
variable is that multiple plots become necessary. Therefore, it was decided to correlate 
the model predictions in terms of the dimensionless numbers that describe the mass 
transport mechanisms. The advantage of this approach is that the effect of the 
operational variables and the effect of their influences on column hydrodynamics are 
combined. Based on multiple-variable regression analyses of 250 computer 
simulations, correlations for fractional removal and the separation factor were 
determined . The ranges of the operational variables used in the simulations were 400 < 
QA ^  15200 cc/min, 2 0  ^  Qw ^  1 0 0  cc/min, and 0 .0 1  ^  Q0 ^  1 0 0  cc/min.
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For strongly hydrophobic compounds where the solute capacity of the solvent is 
large (Pw < 0.13), a simple correlation for the fractional removal was found,
FR _  p 0 .1657^.0 .83 52 
1 - F R “  w wA (4-17)
In Figure 4.5, a parity plot of fractional removal shows very good agreement between 
the theory and the correlation as all the deviations are within ± 10%. The reason for the 
good agreement is that the functional dependence of (4-17) is consistent with the 
relative importance of the mass transfer mechanisms. The mass transfer associated with 
the air bubbles (S twA) >s weighted more than that associated with entrainment, E w . As 
alluded to, the mass transfer across the solvent-water interface (S tw or S tQ) has no 
effect on the fractional removal. One advantage of the correlation is that fractional 
removal of strongly hydrophobic compounds can be estimated very easily without 
resorting to the analytic solution. Another advantage is that the correlation suggests the 
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Figure 4.5. Parity Plot o f the Theoretical and Correlated Fractional Removal
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From the regression analysis, a simple correlation for the separation factor was 
also obtained,
2  _  i 4 6 4  o. 544
=  E ? ”  P a  Q oK ow  (Q o  in cc / min)— u  t \  ^  VJ u  v  \     r
- 2  (4-18)
?
A parity plot of this correlation and the theoretical separation factor is shown in Figure
4.6. Again, the agreement is within ± 10%. One interesting feature about the 
correlation is that, though it is appears first order in QoKow. the overall dependence is 
actually = (Q0 K0 W) ' i . To explicitly see the inverse dependence, Equation (4-18) is 
rearranged and expressed in terms of dimensional numbers as
,  .  1464 .  .0 .5 4 4
f 3 ...-9-Adi I |  Q aHc. }  q  k ow
r  _ c n 1 Q 0K 0Wa [ I QoK0
WA“-OW
r* XT’ f .  1.464 r ..0.544
C " K ~" 1+ 3 ^ _  Q A ik  QoK 0
1 Q0K 0WaJ 1 QoK0Wj (4-19)
Observing that the exponents for the terms in braces sum to approximately two, one can 
factor a (Q 0K ow )'“ from the terms leaving a net (QoKow )’* dependence in the 
numerator and denominator.
W K - 10 -1v  iYo w x o
i + i ' C Q - 1
where
n  . 1.464
= r3 £A_Ll [Q AHC] 0-544 
L a -I (4-20)
The physical importance of (4-20) becomes clear when one recognizes that the 
terms remaining in the brackets (collectively referred to as the kinetic factor, W) reflect 
the kinetic and hydrodynamic processes associated with the air (bubble) phase. 
Essentially, XV controls the extent to which equilibrium is approached between the 
solvent and water. Firstly, in the limit of small 'F, the departure from equilibrium is 
great, and as Equation (4-20) suggests, 2  is predicted to be zero. Of course, a zero
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Figure 4.6. Parity Plot of the Theoretical and Correlated Separation Factor
separation factor is not accurate since the physics of the process change significantly 
when the air phase is removed. The lower limit is better described by considering the 
solvent and water phases as two contacting CSTRs. Though such a situation is 
kinetically undesirable in practice, it does represent a theoretical lower limit for solvent 
sublation and does exist for a single-staged quiescent solvent extraction process. It can 
be shown that for such a case, 2  is equal to Sto/(l+Sto). Using this expression and 
typical conditions used in this paper (St0  = 6 .34xl0-6), one can estimate that the lower 
limit for 2  w Sto , or equivalently 2/( 1-2) = St<> As one can see in Figure 4.6, 
predictions of 2  for practical sublation conditions are as much as three orders of 
magnitude greater than the lower theoretical limit. The improved separation is 
attributed to the additional transport processes associated with the air (bubble) phase.
In the limit of large 'P , the separation factor approaches unity, the condition for solvent- 
watcr equilibrium. In practice, however, it is unlikely that equilibrium may be reached
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solely by adjusting W. Since the hydrodynamic properties were assumed to be that of 
homogeneous flow, the SCM will eventually breakdown as V  becomes very large.
Thus, other means of improving the performance are needed, such as reducing the 
solvent usage, Q 0  without significantly affecting the overall fractional removal.
It is emphasized that the correlations, (4-17) and (4-18), were developed from
the SCM with fixed kinetic parameters (see Table 4.1), and are valid for strongly 
hydrophobic compounds (Pw ^  0.013). For weakly hydrophobic compounds, the exact 
solutions given in the Appendix must be used.
4.5.2. Effect of Thermodynamic Variables
Examining the effects of thermodynamic properties is important because they 
can vary greatly between families of hydrophobic pollutants. As shown in Table 1.3, 
the interfacial partition constant can vary as much as two orders of magnitude. Other 
properties such as the Henry's law constant and the solvent-water partition coefficient 
can vary greatly as well. Therefore, computer simulations, again based on the SCM 
(i=2) and values cited in Table 4.1, were performed to determine the relative importance 
of these thermodynamic properties.
There was negligible effect of the solvent-water partition constant on fractional 
removal for K 0w ^  700. This was not a surprise given the fact that fractional removal 
was shown not to be dependent upon solvent-water mass transfer for strongly 
hydrophobic compounds. However, the effects of He and K a  on fractional removal 
were significant. In Part (a) o f Figure 4.7, fractional removal is plotted versus the 
enhancement factor, e H=l+3KA/aHc, for constant values of Q a /Q w .  The enhancement 
factor was varied by varying K a  over the range, 5x10'5 cm to 5x10 '^  cm. As 
expected, the enhancement factor had a pronounced favorable effect on fractional 
removal. Even for compounds which do not have large enhancement factors, the effect 
was appreciable at high air flow rates. At low air flow rates, the effect was
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significantly reduced even for eh  on the order of 100. The condition where e h  =  1 
represented the situation where no adsorption to the bubble occurs. In this situation, the
mass transfer to the air phase was solely driven by Henry's law.
For the case shown in Figure 4.7 (a), H c was 10"4. When values higher than
10"4 were used, the curves in the figure were simply translated up the x-axis by an 
amount of 1/HC. For example, when H c was 10~3, the curves were translated up the x- 
axis by a factor of 10 as shown in Part (b) of Figure 4.7. The shape of the curves and 
the values of fractional removal remained unchanged For H c >  1 0 '^ , the curves were 
translated up the x-axis such that the lower portion of the curves were truncated. This is 
illustrated in Figure 4.7 (c) where fractional removal is plotted for H c=10"2. The 
reason for this behavior is that for a small H c, surface adsorption is the sole mass 
transfer mechanism; thus, to achieve a high degree of fractional removal, a  large 
enhancement factor is required. For a large H c, however, Henry-law partitioning 
becomes significant, and the same degree of fractional removal is achieved at a lower 
enhancement factor.
One interesting consequence of Figure 4.7 is that each Q a /Q w  curve not only 
represents a fixed air flow rate but also a fixed bubble size since the bubble size was 
taken to be a function of gas velocity. The implication is that one can predict the effect 
of a smaller bubble size at a constant air flow rate, or similarly, the effect of increasing 
the air flow rate at constant bubble size. Such an exercise may be important if 
surfactant is used to change the surface tension, or if an improvement in sparger design 
is made, as will be discussed in the next section. To illustrate the idea, consider curve 
(b) in Figure 4.7 (b) at ejj = 10. The fractional removal is about 80% for these 
conditions. The bubble size can be shown to be about 1 mm. If the bubble size were to 
be made 50% smaller, eh would become 19 corresponding to a  fractional removal of 
8 6 %. If the bubble size were an order of magnitude smaller than its original value at
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Figure 4.7. The Effect of the Henry Enhancement Factor on Fractional Removal 
(Qw=50 cc/min, Q0=2 cc/min) for (a) Hc=10'4 , (b) HC=K)-3 , and (c) Hc=10 ' 2
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this flow rate, the fractional removal would increase to 91%. This illustration 
demonstrates that bubble size not only affects the interfacial area for mass transfer but 
also the thermodynamics (enhancement factor) influencing the driving force for mass 
transfer.
4.5.3. Effect o f Design Variables
Design variables do not play a large role in solvent sublation; however, they can 
affect hydrodynamic properties which do have significant impacts on sublation 
performance. For example, bubble size is determined, to a  great extent, by the type of 
device used for bubble generation. Since bubble size contributes largely to the 
interfacial area available for mass transfer as well as the enhancement factor, the choice 
of bubble generator is important. Some examples of bubble generators are submersible 
orifices (gas spargers) such as, nozzles, sintered metal or glass plates, sprinklers, and 
rubber membranes. Some bubble generators are external to the column. An example is 
an aerated vessel containing surfactant and water. The bubbles which form in the vessel 
are removed and injected into the bottom of bubble column.
Small improvements in sparger design may have significant effects on sublation 
performance. An example of this is illustrated in Figure 4.8 where fractional removal is 
plotted versus Q a /Q w  for two different power-law models describing bubble size 
dependence: one with a square-root dependence on velocity and one with a 1/4 power 
dependence. The model with the 1/4 dependence is hypothetical; however, it is not 
necessarily infeasible. Spargers that eject bubbles into an overlying shear field have 
shown to produce smaller bubbles than what is normally observed in the bubbly How 
regime (Johnson etal., 1982; Johnson and Gershey, 1990; Marshall etal.,  1993). Such 
spargers may well be described by a power-law model with a weaker dependence in gas 
velocity, Ug.
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Figure 4.8. The Effect of Bubble Size on Fractional Removal in Solvent Sublation
Gas holdup is an important hydrodynamic property that contributes to the 
interfacial area; however, it is generally unaffected by design variables. It is primarily 
determined by the gas velocity and the physical properties of the liquid (Akita and 
Yoshida, 1973; H ik itae /a /., 1980; Shah etal., 1982). Axial dispersion, on the other 
hand, has a strong dependence upon column diameter (Deckwer and Schumpe, 1993).
In general, reducing the axial dispersion or mixing is desirable and can be accomplished 
using tall columns (Deckwer et al. , 1974). To elucidate the effect of axial mixing on 
sublation performance, the ADM2 was used to show the dependence of fractional 
removal on the Peclet number, Pe (. As one can see in Figure 4.9, there is essentially no 
effect of mixing. This behavior is consistent with experimental observations (Valsaraj 
etal.,  1992) which showed that the fractional removal was independent of column 
diameter. The explanation for this is that the solute is strongly retained in the organic
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Figure 4.9 The Effect of Axial Mixing (Pei) on Fractional Removal
phase and is prevented from being back-mixed in the aqueous phase. Therefore, unlike 
other bubble column processes, the influence of column diameter on axial mixing is not 
important. From a mathematical perspective, the implication is that the two-box SCM 
should adequately describe sublation performance despite the extent of mixing.
4.5.4. ADM2 versus SCM
To illustrate how well the ADM2 compares with the SCM, fractional removal 
data was calculated from each model using the analytical solutions listed in the 
Appendix. The calculations were based on the model parameters listed in Table 4.1. 
The axial dispersion coefficient was determined from Equation (4-15). Table 4.2 shows 
the various conditions for the operating variables and the corresponding model results. 
As can be seen in the table, the ADM2 consistently predicts a slightly higher fractional 
removal than the SCM, but is no higher than about 0.01 in all but one case. One
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possible explanation for this offset may be attributed to the choice o f boundary 
conditions used for the ADM2. The traditional Danckwerts conditions (open vessel) 
were used in the development. These conditions require that the dispersive flux match 
the convective flux at the boundaries instead of specifying the concentration (closed 
vessel). W hen one examines an aqueous concentration profile generated from the 
ADM2 for the conditions given, a slight gradient is observed. Removing the gradient 
would bring the fractional removal values sufficiently close together. The implication 
is that the appropriate boundary conditions for the ADM2 be "closed" for the case 
where the model is compared to the SCM with n= l (i.e. no convective character at all). 
Despite the small offset, the results in Table 4.2 indicate that the two mathematical 
models are indeed equivalent and can be used interchangeably.
Table 4.2. Comparison of Fractional Removal between the SCM (i=2) and the ADM2
(Pe 1=4)
Qa Qw Qo FR A D M 2 FR  SCM
cc/min cc/min cc/min
400 40 2 0 0.799 0.786
400 2 0 2 0 .8 8 8 0.880
400 80 2 0.665 0.647
400 40 0 .0 1 0.788 0.774
3200 80 2 0.809 0.791
3200 40 2 0 0.894 0.883
3200 2 0 2 0.944 0.938
3200 40 0 .0 1 0.889 0.877
6200 2 0 2 0.957 0.952
6200 80 2 0.849 0.833
6200 40 0 .0 1 0.914 0.905
6200 40 2 0 0.918 0.909
1 2 2 0 0 80 2 0.884 0.871
1 2 2 0 0 40 2 0 0.939 0.931
1 2 2 0 0 40 0 .0 1 0.936 0.928
1 2 2 0 0 2 0 2 0.968 0.964
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c h a p t e r  5. Re su l t s  and  D isc u ssio n
5.0. Overview
In section 5.1, hydrodynamic data collected from pilot sublation columns 
equipped with a variety of gas spargers are presented. The data show that the use of the 
annular shear sparger delays the transition from the homogeneous flow regime to the 
heterogeneous flow regime. Thus, for applications requiring homogeneous flow, 
column capacity can be improved by approximately 25%.
In section 5.2, results obtained from the solvent sublation of pyrene and 
pentachlorophenol are reported. The effects of the air-to-water flow ratio, the gas 
sparger design, and the Henry enhancement factor on fractional removal are discussed. 
The data show that solvent sublation is distinctly superior to bubble fractionation. 
Furthermore, the Series CSTR Model (SCM) developed in Chapter 4  is tested for 
predicting sublation performance.
5.1. Results o f Hydrodynamic Studies
5.1.1. Gas Holdup Dependence on Gas Velocity
Figure 5.1 shows the dependence of gas hold-up upon superficial gas velocity, 
Ug. As points o f reference, well accepted correlations for gas holdup (Akita and 
Yoshida, 1973; H ikitaef a/., 1980) have been included in the figure. Recently 
(Deckwer and Schumpe, 1993), it has been reported that these correlations provide 
good, conservative estimates o f the gas hold-up in bubble columns; however, the 
authors stressed that such correlations do not apply to the limited number of 
applications involving the bubbly flow regime. Also included in the figure are data 
obtained from a flexible rubber membrane (Flexisparger®) and a 0.05 f t -  annular shear 
sparger operating in a 5.5" I.D. by T  tall column (Smith et. al., 1996). In general, gas 
holdup data conform well to power-law models of the type, e  = a  ugP. For the porous 
glass frit and the flexible rubber sparger, (1 was calculated as 1.14 (a  = 0.049) for the
60
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entire range of velocities studied. This near linear dependence is characteristic of the 
homogeneous regime and is not surprising for these spargers. Moreover, the fact that 
there is no observable effect o f the column diameter is not surprising since gas holdup is 
generally independent of column diameter for diameters greater than 10 cm (Shah el al., 
1982).
As shown in Figure 5.1, the effect of the water je t velocity on the gas holdup for 
the shear sparger was studied. Measurements were recorded for three different water jet 
velocities, 3.8 ft/sec (1.15 m/s), 6.3 ft/sec (1.92 m/s), and 16.7 ft/sec (5.09 m/s). The 
low velocity data were collected from the sublation column described in Chapter 3 
while the high velocity data were obtained from the 5.5" diameter column (Smith et. al., 
1996). As can be seen from the figure, increasing the water je t velocity, or equivalently 
the shear force over the porous surface, improved the gas holdup in the column.
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Figure 5.1. Gas Holdup versus Superficial Gas Velocity
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Attempts were made to operate at higher gas holdups by further increasing the jet 
velocity, however, the holdup data collected at 16.7 ft/sec was observed to be the 
upper limit. For general aeration applications, the manufacturer recommends a 
minimum velocity of 10 ft/sec. Interestingly, the data conform almost exactly ((5 = 1.03 
and a  = 0.049) with that collected from the porous frit and the flexible rubber sparger. 
This would indicate that the maximum value of gas holdup for air-water (without the 
use of surfactant, solvent, or salts) has been reached.
The most important observation about the data for the shear sparger is that 
homogeneous flow is maintained up to 5 cm/s as indicated in the figure whereas 
homogeneous flow was only sustainable up to 4 cm/s for the flexible rubber sparger.
5.1.2. Bubble Size Dependence on Gas Velocity
Over 2000 bubble size measurements were collected for the porous frit and the 
0.1 ft^ annular shear sparger (jet velocity = 6.3 ft/sec). These measurements were 
compiled into 1 2  histograms which show the relative size and distribution dependencies 
upon superficial gas flow rate. The histograms are presented in the Appendix G. In the 
case of the frit sparger, the general trend observed in the histograms was that as the gas 
flow rate increased, the bubble size and the breadth o f the size distribution increased. 
This behavior is a classic example of the homogeneous flow regime. However, in the 
case of the annular shear sparger, this general trend was not observed.
Firstly, the bubble size dependence on gas flow rate for the shear sparger was 
much weaker than it was for the frit sparger. This observation is illustrated in Figure 
5.2 where the Sautcr mean diameter is plotted versus superficial gas velocity. As one 
can see, the data obtained from the frit sparger fit well to a square-root function whereas 
the data taken from the annular shear sparger showed a  weaker dependence in velocity, 
0.24. This dependence on velocity was sufficiently weak, that at velocities greater than 
1.0 cm/s, the Sauter mean diameter became effectively constant at about 4.5 mm. Also
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Figure 5.2. Sauter Mean Bubble Diameter (± a) versus Superficial Gas Velocity
shown in Figure 5.2 are two correlations for bubble size. The first is a semi-empirical 
correlation developed by Ruff (Clift e ta l., 1978) which applies to bubble formation at a 
single orifice and is used as a point of reference. The second correlation, that of Akita 
and Yoshida (1974), is listed in Table 2.1. It has a velocity dependence which 
resembles that of a breakage curve.
The second observation drawn from the histograms was that the breadth of the 
size distribution for the annular shear sparger was independent of gas flow rate. This 
behavior was not anticipated; however, it was a direct consequence of the first 
observation. The reason is clear when one examines the expression for the Sauter mean 
diameter, Equation (3-1). It is nothing more than a statistical moment of the data. For 
the Sauter mean diameter to show such a weak dependence upon velocity, the 
distribution of diameters must be similar for each velocity. To illustrate this, 
normalized histograms for each sparger are compared in Figures 5.3 and 5.4. One can
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see in the figures that while the bubble size and distribution increase with velocity for 
the frit sparger, a near uniform distribution develops for the shear sparger.
One explanation why the annular shear sparger produced bubbles seemingly 
independent of gas velocity was based upon visual observations of the ejection zone 
which is located just above the shear sparger (see Figure 3.1). For gas velocities greater 
than 1 cm/s, a plume of fine bubbles and water developed, which extended 
approximately 8  cm into the column. The appearance of the plume was milky-white 
and resembled nucleation bubbles resulting from degassing pressurized water. At gas 
velocities less than 1.0 cm/s, the plume was no longer milky. There was a clear 
distinction between air bubbles and the streamlines of the water jet. It is known that a 
local CSTR region develops above gas spargers in bubble columns (Rice e ta l., 1990).
In the case of the shear sparger, the rate of local circulatory motion in this region was 
intensified greatly due to the water jet. A few centimeters above the plume, there was a 
sharp gradient in bubble size. Whereas the bubbles in the plume were estimated to be 
on the order of 100 pm, the bubbles above the plume were on the order of 4  mm. It was 
clear that most of the coalescence in the column occurred in this CSTR region. The 
bubbles leaving this region rose up the column uniformly distributed across the column 
diameter and experienced very little breakage or coalescence. In effect, the circulatory 
motion set up by the water jet tended to buffer the breakage and coalescence. It was 
speculated that this buffering effect may be the reason why the bubble size seems to be 
independent of gas velocity in the homogeneous flow regime.
Alternatively, it may be argued that the bubble size distribution is dictated by 
bubble formation dynamics which occur at the orifice or pore. For conventional gas 
spargers (i.e. porous frit) operating at low gas flow rates, a single bubble forms above 
an orifice when the gas momentum through the orifice exceeds the surface tension. As 
the gas flow rate is increased through the orifice, the rate of bubble formation becomes
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Figure 5.3 . Relative Frequency Plots for the Bubbles Generated from the Porous Frit 
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so rapid that after one bubble detaches, another forms beneath it and the two coalesce 
into a  "double bubble" (LaNauze and Harris, 1974; Payrie and Prince, 1975; Marmur 
and Rubin, 1976; Wilkinson and Dierendonck, 1994). Consequently, the shape and size 
of the orifice affect the shift from single bubbling to double bubbling. The extent of 
double bubbling influences bulk properties, such as breakage and coalescence, the two 
properties which determine the flow regime. In the case of the rubber membrane, as the 
gas flow rate is increased, the rubber sheet inflates and expands. Thus, the orifice 
diameters increase reducing the gas momentum. This effect delays the shift from single 
bubbling to double bubbling and ultimately delays the transition to the heterogeneous 
regime. In the case of the shear sparger, liquid momentum set up parallel to the sparger 
surface is utilized to shear bubbles off the surface before they coalesce into double 
bubbles. This process is unique in that it is independent of gas momentum. The effect 
of the shear sparger is to delay the transition to the heterogeneous regime in two ways. 
Firstly, in a similar fashion as the rubber membrane, the shift from single bubbling to 
double bubbling is delayed. In fact, based upon the observed bubble sizes in the 
ejection zone, double bubbling is essentially eliminated. Secondly, the absence of 
double bubbling allows for a more uniform bubble size distribution which tends to 
maintain the equilibrium between breakage and coalescence at higher superficial gas 
velocities. Eventually, however, an imbalance between these two processes occur and 
the llow becomes heterogeneous.
5.1.3. Axial Dispersion Dependence on Gas Velocity
Dispersion measurements were obtained from the 4" diameter sublation column. 
There was no significant difference between the porous frit and the 0.1 f t-  shear sparger 
as shown in Figure 5.5; however, one may argue that small biases exist. Therefore, 
each data set appearing in the figure has been fit with its own power law to illustrate the 
small biases. Overall, the entire data set conforms to a power-law model with a 0.62
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dependence on velocity. This dependence falls between bubbly flow (linear
dependence) and chum-turbulent (one-third dependence) (Rice e ta l., 1981). At 
velocities greater than 1 .0  cm/s, the dispersion in the column is effectively a constant
for the 4" column. Deckwer et. al. (1974), using a better technique for dispersion 
measurement, has reported values in the range of 275- 300 cm ^/s for the same range of 
velocities studied here, but for columns with L/Dc ratios around 30.
Recently (Kantak et al., 1994), it has been shown that the same approach used to 
describe dispersion in porous media applies well to bubble columns. The approach 
involves identifying the correct length scale, X, governing the column dynamics and 
relating it to the dispersivity, a L, which is defined as the ratio o f the measured axial
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Figure 5.5. Axial Dispersion Coefficient versus Superficial Gas Velocity
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dispersion coefficient to the gas velocity. The authors pointed out that there was no 
restriction on using the in-situ velocity rather than the superficial velocity; however, for 
the heterogeneous flow regime, they found that the in-situ velocity worked better. The 
Equations for dispersivity are
« l  =  —  =  f(* -)  (a )
U9
or
a L , - ^ -  = h W  (b)
(US /E) (5-1)
For truly vertical columns operating in the homogeneous regime, A is proportional to 
the bubble size. In the heterogeneous regime, A. then approaches the column diameter. 
For nonvertical columns operating either in the homogeneous or heterogeneous regime, 
such as the 4" column studied here which was only near vertical, A.approaches the 
length scale of the column height (Rice and Littlefield, 1987). As shown in Figure 5.5, 
the dispersivity model was used to fit the porous frit data; Equation (5-la) was used. 
From a regression analysis of the data, f(A) was found to be 187.2 cm, indicating a 
linear relationship. The error associated with this fit was ± 10%. This length compared 
to an effective column height (adjusted for the overflow reservoir) of about 165 cm. 
This agreement was consistent with the length scale arguments.
Though not shown in the figure, it was calculated from Equation (5 -lb) that the 
average dispersivity for the annular shear sparger was h(A.) = 11 cm with a standard 
deviation of 3 cm. What is interesting about this result is that it suggested the 
appropriate length scale for the shear sparger was the column diameter (4" = 10.16 cm) 
despite the fact that the column was not truly vertical. (Verticality was discussed in 
Chapter 2.3). The reason for this is not clear; however, it is most likely related to the 
buffering effect described above.
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5.1.4. Effect on the Interfacial Area
The dependence o f interfacial area on gas velocity was determined by 
combining the power-law models developed here for gas holdup and bubble size. In 
Figure 5.6, the interfacial area for the porous frit and shear sparger are compared to the 
correlation for interfacial area listed in Table 2.1. The solid part of the curves in the 
figure apply to the homogeneous regime, and the broken lines indicate extrapolation.
As one can see, the Akita-Yoshida (1974) correlation predicts very conservative values. 
The data obtained from the two spargers are much more realistic as most interfacial area 
data collected from bubble columns range between 2 and 4  cm~l (Shah e ta l., 1982). 
The curve for the frit sparger has similar functionality to those curves presented in the 
same article for perforated and sintered plates. The near linear dependence for the shear 
sparger stems from the fact that bubble size for this sparger has a weaker dependence on 
gas velocity. The important observation is that the shear sparger delays the transition to 
the heterogeneous regime by about 1 cm/s. This makes it possible to operate at a higher 
interfacial area per unit volume such as, 3 c m 'l , a value more common to the 
heterogeneous regime.
5.2. Solvent Sublation Results
Twenty-six experiments were conducted which investigated the effects of the 
air, water, and solvent How rates, the gas sparger design, and the Henry enhancement 
factor. A summary of the experiments and operating conditions appears in Table 5.1. 
(For more detailed information about the run conditions as well as the steady-state 
fractional removal profiles that were recorded, the reader is referred to Appendix H.)
5.2.1. Effect of Air-to-Water Flow Ratio
The most important variable affecting the sublation of organic compounds from 
water is the air-to-water flow ratio, Q a /Qw- This ratio not only affects the degree of 
stripping in the column but it also influences the column hydrodynamic properties.
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Figure 5.6. Predicted Interfacial Area per Unit Volume versus Superficial Gas Velocity
In Figure 5.7, fractional removal data obtained from the sublation of pyrene is plotted
versus the air-to-water flow ratio for the case of the porous frit sparger. Each point
represents a 15 -30  hour steady-state average. The dependence on Q a /Q w  is typical of
stripping-type processes in that as the flow ratio is increased, the fractional removal
»
rapidly increases and then asymptotically approaches an upper value. Accordingly, the 
data in the figure suggest that there is no appreciable effect on the removal efficiency 
between 1 0 0  <Qa/Qw < 2 0 0  for the porous frit. Increasing the flow ratio further would 
most likely result in greater efficiencies; however, at some point (ug=3 cm/s) the flow 
will become heterogeneous, and performance will undoubtedly suffer. Thus, it is 
uncertain if 1 0 0 % efficiency is possible in a single-stage sublation process.
In Chapter 4.5.1, SCM predictions indicated that a plot of fractional removal 
versus Qa/Q w would result in multiple values. This was largely due to the fact that the 
effect of Qw and the effects o f gas velocity are ignored in such a plot. As indicated in
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Table 5.1. Operating Conditions and Steady-State Fractional Removal Results




R-73-9-21-94 Pyrene Frit 959 41.8 4 .809
R-79-9-27-94 Pyrene Frit 959 27.9 4 .863
R-80-9-29-94 Pyrene Frit 959 41.8 4 .796
R-87-10-12-94 Pyrene Frit 959 27.9 2 .862
R-88-10-13-94 Pyrene Frit 2225 27.9 2 .892
R-89-10-15-94 Pyrene Frit 4413 27.9 2 .896
R-92-11-1-94 Pyrene Frit 443 27.9 2 .771
R-94-11-15-94 Pyrene Frit 443 55.8 2 .684
R-97-11-17-94 Pyrene Frit 1592 13.9 2 .893
R-99-11-30-94 Pyrene Frit 2225 41.8 2 .833
R-100-12-1-94 Pyrene Frit 8307 41.8 2 .901
R-103-12-7-94 Pyrene Frit 959 27.9 2 * .832
R-l 06-1-18-95 Pyrene Shear 2225 27.9 2 .887
R -113-2-9-95 Pyrene Shear 4093 27.9 2 .945
R-l 17-3-7-95 Pyrene Shear 5977 27.9 2 .962
R-l 20-3-21-95 Pyrene Shear 5355 13.9 2 .956
R-l 24-4-6-95 Pyrene Shear 2225 55.8 2 .882
R -16-6-22-95 PCP (pH 9) Shear 4732 27.9 2 .127
R-24-9-20-95 PCP (pH 3) Shear 4732 27.9 2 .853
R-30-9-26-95 PCP (pH 3) Shear 7156 27.9 2 .907
R-33-9-29-95 PCP (pH 3) Shear 7156 13.9 2 .942
R-37-10-3-95 PCP (pH 3) Shear 2840 55.8 2 .744
R-40-10-9-95 PCP (pH 3) Shear 2840 41.8 2 .783
R-43-10-10-95 PCP (pH 3) Shear 3454 27.9 2 .858
Bubble
Fractionation
R-131-6-13-95 Pyrene Shear 5977 27.9 0 .673
R-58-11-27-95 PCP (pH 3) Shear 7156 27.9 0 .682
* R-103 was conducted with "spent solvent", that is, the solvent used in R-100 was 
used again.
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Figure 5.7. The Effects of Q a and Q w on the Fractional Removal Obtained in the
Solvent Sublation of Pyrene
Figure 5.7, Q w was varied in an attempt to show this effect. Accordingly, a hint of 
multiple values was indeed observed. Consider run R-99-11-30-94 whose operating 
conditions are listed in Table 5.1. The air-to-water flow ratio for this run was 53 while 
Qw was 41.8 cc/min. As shown in figure, the fractional removal for this run was well 
below the value expected if one were to draw a curve through the data collected at Q w 
= 27.9 cc/min. As the deviation between the actual value and the hypothetically 
expected value was outside experimental error, this behavior supported the SCM 
prediction of multiple values. The reason that the multiple values were not observed at 
larger flow ratios is that the effect becomes less pronounced at the asymptotic limit (see 
Figure 4.4). Other supporting evidence of the effect of Qw is the trend of the three 
steady-state points between 1 0 0  ^  Qa/Qw ^  2 0 0  in Figure 5.7. In these runs, Qw varied 
from 13.9 cc/min to 41.8 cc/min; however, the removal efficiencies were nearly the
0
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same. This was because the air-to-water flow ratios used for these runs were in direct 
proportion (R 2  = 99.9%) to the water flow rates used.
In Figure 5.8, fractional removal results obtained from the sublation of pyrene 
and PCP with the annular shear sparger are superimposed on the data obtained with the 
porous frit. Again, the general trend is that as the flow ratio is increased, the fractional 
removal rapidly increases and then slowly approaches unity. This behavior is consistent 
with SCM predictions (Figure 4.4) which showed a very steep gradient between 0 < 
Q a/Q w  < 50 and a weaker dependence on Q a/Q w  for Q a /Q w  ^  150. Based on the, 
pyrene data, Figure 5.8 suggests that the performance for the shear sparger is greater 
than that for the porous frit. Additionally, the figure shows that the shear sparger delays 
the transition where the data begins to asymptotically approach unity (Q a /Q w  of 2 0 0  
vs. 1 0 0  for the frit). This observation suggests that though Q a/Q w  is important in 
determining sublation performance, it alone is insufficient in predicting fractional 
removal. The effects of the sparger design on column hydrodynamics must also be 
considered. Moreover, the fact that the pyrene data showed a stronger dependence on 
Q a/Q w  than the PCP data suggests a dependence on compound type as well. These 
effects and how they are accounted for in the SCM are discussed in 5.2.3 and 5.2.4.
5.2.2. Effect of Solvent Flow Rate
Sublation experiments were performed which examined the relative effect of the 
solvent flow rate versus the water flow rate. First, runs R-73 and R-79, which appear at 
the top of Table 5.1, were conducted to demonstrate the effect o f a  -33% stepchange in 
water flow rate while holding the solvent flow rate constant al 4  cc/min. As one can sec 
from the table, the fractional removal of pyrene increased from approximately 80% to 
8 6 % in response to decreasing Q w from 41.8 cc/min to 27.9 cc/min. Given the strong 
influence of the air-to-water flow ratio observed in Figure 5.8, this was not surprising. 
When the water flow rate was returned to its original value (run R-80), the fractional
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Figure 5.8. Fractional Removal Data Obtained from the Sublation of Pyrene and 
Neutral Pentachlorophenol (PCP) versus the Air-to-W ater Flow Ratio
removal returned to 80%. The second experiment, run R-87, was performed which 
investigated the effect of reducing the solvent flow rate from 4  cc/min to 2 cc/min while 
holding the water flow rate constant at 27.9 cc/min. As shown in Table 5.1, for runs R- 
79 and R-87, there was no effect of reducing the solvent flow rate on the fractional 
removal. The reason for this is that the mineral-oil-partition coefficient (Kow ) for 
pyrene is very large. In fact, since most hydrophobic compounds possess very large 
partition coefficients, the amount of solvent needed for sublation is only that which 
ensures a steady-state, as shown in Chapter 4.5.1. Thus, the solvent flow rate used in 
most of the experiments was maintained at the lowest pump setting, 2  cc/min.
Because of the large capacity of the solvent, one variation of the process is to 
recycle. This is referred to as using "spent" solvent and is a way of minimizing the 
overall solvent usage. Therefore to further show the weak dependence of the solvent, 
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mg/L. The operating conditions of R-103 were identical to those used in R-87, as 
shown in Table 5.1. The effect of the spent solvent was to reduce the fractional removal 
by only 0.03. Since this difference was outside the statistical error limits (±0.02), the 
effect was statistically significant, but nonetheless, very weak.
This experiment suggests that the solvent may be recycled for a prolonged 
period of time without a significant penalty in fractional removal. That is, the process 
may be operated in a semi-continuous mode. The problem, however, is how does one 
determine the time when the solvent becomes sufficiently loaded that it must be 
replaced? One approach to this problem is to apply the steady-state, axial dispersion 
model (ADM2) in an iterative fashion. That is, in the first iteration, the solvent feed 
concentration, S°, is taken as zero, and the effluent concentrations are calculated. In the 
next iteration, the solvent effluent concentration, S, from the first iteration is 
substituted for S° and new effluent concentrations are calculated. This procedure 
simulates one complete turnover of the solvent. Therefore, the number of turnovers 
(iterations) is an indirect measure of time. However, in order to use the ADM 
iteratively, the analytic solution presented in (F-12) is used instead of (P -11) as 
Equation (F-12) reflects the modifications needed for the case o f a nonzero-solvent feed 
concentration.
Accordingly, the useful lifetime of the solvent in a semi-continuous sublation 
process was estimated based on the "iterative-ADM2" approach and the parameters 
shown in Table 4.1. The thermodynamic parameters appearing in the table correspond 
nearly to those of pyrene. Since the number of stages comprising the water column is 
cited in the table instead of the Peclet number, Equation (4-15) was used to convert n to 
the appropriate value of the Peclet number. In this case, Pe 1=4 . For this particular 
example, an arbitrary set of flow rates was chosen: Qa=8000 cc/min, Qw=80 cc/min, 
and Qo=2 cc/min. The results of the exercise are shown in Table 5.2. Appearing in the
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Table 5.2. The Effect of Solvent Turnover on the Solvent Concentration and the 
Fractional Removal in a Semi-Continuous Sublation Process
Solvent Feed Solvent, Solvent Effluent. Removal
Turnover 100%*S° 100%*S Efficiency
Pyrene
1 0 .0 % 0 .0 % 86.31%
Kovv = 76412
1 0 0 0 .0 % 4.5% 85.98%
K a ~ 5 x l0 ' 3  cm 2 0 0 4.5% 9.0% 85.66%
Hc = 5*10-4 300 9.0% 13.5% 85.34%
400 13.5% 17.9% 85.02%
500 17.9% 22.3% 84.71%
1 0 0 0 22.3% 43.8% 83.15%
2 0 0 0 43.8% 87.7% 79.98%
2280 87.7% 1 0 0 .0 % 79.10%
PCP
1 0 .0 % 3.6% 66.65%
K ow =732 1 0 3.6% 34.8% 60.71%
K a  = 6.7xK H  cm 2 0 34.8% 66.4% 55.32%
Hc =10-4 40 66.4% 1 2 0 .8 % 46.03%
60 1 2 0 .8 % 165.4% 38.42%
80 165.4% 2 0 2 .0 % 32.17%
time ^ 2 0 0 2 0 2 .0 % 318.1% 12.35%
300 318.1% 350.1% 6.90%
600 350.1% 367.9% 3.85%
2400 367.9% 368.9% 3.69%
»  2400 368.9% 390.5% 0 .0 0 %
300 455.7% 401.1% -1.81%
time f 2 0 0 603.0% 455.7% -11.13%
Reverse Phase 1 0 0 993.8% 603.0% -36.27%
Transport 1 1 0 0 0 .0 % 993.8% -104.03%
*Qa =8000 cc/min, Qw=80 cc/min, and Qo=2 cc/min. Other parameters are listed in 
Table 4.1.
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first column is the number of solvent turnovers. This is the number of times the solvent 
effluent concentration was fed back in the ADM2 as a feed concentration. Appearing 
inthe second and third columns are the dimensionless solvent inlet and outlet 
concentrations, respectively. Since the solvent concentration is expressed as 
C 0 /K 0WC°V , it may be viewed as the fractional extent (or percent) toward equilibrium.
As shown in the fourth column, the effect o f recycling the solvent on the removal 
efficiency was very weak. In fact, 300 turnovers were required before a 1% reduction 
in fractional removal was observed. This corresponded to about 3 months of operation. 
The model also predicted that equilibrium was not reached until at least 2200 turnovers 
or equivalently, 2 years! Again, the fact that the useful lifetime of solvent was 
predicted to be so long was attributed to the large K 0w for the pyrene/mineral oil 
system.
Note that equilibrium does not necessarily imply saturation. Provided that the 
feed water concentration is sufficiently low, the value of S may become greater than 1 
(recall the process is batch relative to the solvent, and that there is a continuous supply 
of feed water). This phenomenon has actually been observed in real systems (Valsaraj 
et.al., 1991). To illustrate this, consider the case of PCP in Table 5.2. The model 
parameters used in this example were the same as those used before; however, as 
indicated in the table, the thermodynamic properties for PCP were substituted. Since 
the Kow for the PCP system is significantly less than that for the pyrene system, the 
effect o f the solvent turnover was much more pronounced. After only about 30 
iterations ( 1 0  days), the model predicted that the solvent was nearly at equilibrium with 
the incoming feed water. Moreover, the fractional removal of PCP over this period was 
reduced from 67% to ~ 50%, a significant penalty for recycling. Assuming that the feed 
water concentration is much lower than the solubility limit, one may observe the effect 
of recycling the solvent under conditions where it is "super-equilibrated". For example
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in the case of PCP, after 40 iterations, the solvent concentration was 20% greater than 
the equilibrium value. This is possible because the overwhelming unidirectional 
transport of air bubbles prevented the establishment of equilibrium, that is, the process 
was kinetically limited. In Chapter 4,5,1, it was shown how the kinetic factor, VF, 
controlled the approach to equilibrium and was the upper limit; however, was derived 
for the steady-state problem and therefore, the upper limit (equilibrium) as predicted by 
(4-20) does not apply here. Notice, that the removal efficiency of PCP drops rapidly as 
the solvent became further super-equilibrated. This indicates that the thermodynamic 
driving force for mass transfer was becoming very small. Eventually, it became so 
small that the fractional removal dropped to zero and no further transport was possible. 
Realistically, the solvent would never be used to the extent as shown in the table. The 
table serves mainly for academic purposes; however, one can use the predictions to 
estimate the theoretical upper limits for the useful lifetime of the solvent. Most likely, it 
is 30 turnovers (10 days) for PCP and 300 turnovers for pyrene (3 months).
Shown in the bottom of Table 5.2 are results of a purely academic exercise 
labeled "Reverse Phase Transport. Here, the solvent was arbitrarily chosen to have a 
concentration much greater than the super-equilibrated limit based on some reference 
feed water concentration. Under this condition, PCP was transferred from the solvent to 
the water. Consequently, the removal efficiency, based on the feed water concentration, 
was negative (-100%). Moreover, this efficiency implies that the effluent water exited 
the process with twice the concentration of PCP than the water entering! As shown in 
the table, the removal efficiency tended to zero very rapidly under the condition of 
reverse phase transport. This is because such states are highly energetic; thus, the 
mechanisms of molecular transport across the solvent-water interface and bubble-wake 
entrainment quickly relax the system.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.2.3. Effect of Gas Sparger on Overall Mass Transfer
As illustrated in Figure 5.8, sublation experiments involving pyrene were 
conducted which investigated the effect o f gas sparger type. For Q a /Q w  < 150, there 
was no significant difference between the fractional removal data collected from the 
shear sparger and that collected from the porous frit. However, for Q a /Q w  ^  150, the 
fractional removal of pyrene was improved by as much as 5% suggesting that the 
benefit o f the shear sparger is only realized at large Q a/Q w  ratios. The reason for this 
behavior may be explained by considering the unique hydrodynamic properties of the 
shear sparger. It was observed in section 5.1.2, that for gas velocities greater than about 
1 cm/s, the processes of bubble coalescence and breakage were buffered by the 
combined actions o f the water je t and the milky-white plume of microbubbles exiting 
the shear sparger. It was speculated that this so called "buffering effect" was 
responsible for the weak bubble size dependence on gas velocity. As it turns out, in the 
cases where the shear sparger performed better than the frit, the gas velocities varied 
from 0.84 to 1.23 cm/s. For the low Q a/Q w  experiments where the removal 
efficiencies were about the same for both spargers, the gas velocities were less than or 
equal to 0.46 cm/s. To investigate whether or not the improved performance was 
simply just the result of operating at high gas velocity, run R-100 was conducted using 
the porous frit sparger and a gas velocity of 1.71 cm/s (Q a/Q w  =199). The result of 
this experiment was no different than those observed at 0.33 cm/s (Q a /Q w  = 115) and 
0.91 cm/s (Q a/Q w  = 158) for the porous frit. Thus, one may reasonably conclude that 
the benefit of the shear sparger is best realized at superficial gas velocities > 1 cm/s and 
is attributed to the improved hydrodynamic properties and how they affect the air-water 
mass transfer coefficient. The key question, however, is how does one quantitatively 
determine the average air-water mass transfer coefficient for the sublation column?
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One common approach for predicting the mass transfer coefficient for gas-liquid 
dispersions is to use a  surface renewal theory such as the Higbie penetration model 
(Taylor and Krishna, 1993). In this model the average mass transfer coefficient is 
defined as
^  =  f t  P a b  =  f t  D a b
V 31 te p X / u g (5_2)
where D a b  is the binary diffusivity and te is the exposure time. The exposure time, 
which describes the surface renewal frequency, is dependent upon the characteristic 
mixing length, X. For example, in the case of a bubble rising purely in plug flow, the 
mixing length is the bubble diameter since a surface renewal occurs each time the 
bubble rises a distance equal to its diameter (Taylor and Krishna, 1993). However, in 
the case of solvent sublation where plug flow is not observed, a  more appropriate 
mixing length is the dispersivity. As discussed in 5.1.3, the dispersivity is the 
proportionality constant that relates the axial dispersion coefficient with the gas 
velocity. In the case of the porous frit, it was observed that the dispersivity, based on 
the superficial gas velocity, was on the order of the column length, L, which is typical 
for bubble columns. However, for the shear sparger, the dispersivity was based on the 
interstitial gas velocity and was found to be on the order of the column diameter, Dc. 
(Since the study did not investigate the effect of column diameter, X.~DC may only be a 
fortuitous result.) The reason why the dispersion coefficient for the shear sparger scaled 
with the interstitial velocity instead of the superficial velocity is not clear. It was 
observed that the circulatory motion set up by the water je t tended to buffer the 
processes of coalescence and breakage, which ultimately led to a weak bubble size 
dependence on the gas velocity. This weak dependence may suggest that the energy 
dissipated for mixing, coalescence, and breakage is due more to the energy input by the 
water je t than that of the gas. As Kantak el. al. (1994) reported, using the interstitial gas
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velocity in the definition of the dispersivity makes the dispersivity independent of 
operating parameters and may explain why the dispersion coefficient scaled much better 
with the interstitial gas velocity.
Inserting the dispersivities into Equation (5-2), one may estimate the relative 
effectiveness of the shear sparger over the porous frit
where the gas velocity power laws determined in section 5.1 have been substituted for 
the hydrodynamic properties. The average ratio is then determined by integrating (5-4) 
over the gas velocity limits defining the homogeneous flow regime,
Interestingly, this result compares very well with experimental data collected from a 
5.5" diameter column (Burns, 1995). The data indicated that mass transfer coefficients 
obtained from a shear sparger (porous surface area = 0.05 ft2) are approximately 2 times 
greater than those obtained from a flexible rubber membrane (Flexisparger®).
However, no difference was observed between the mass transfer coefficients obtained 
from deoxygenation experiments (see Appendix I). Essentially all of the correlations in 
the literature concerning the volumetric mass transfer coefficient are derived from the
^shear _  I _  I ^efrit
kfr i t  \  V t eshear
(5-3)
In terms of the volumetric mass transfer coefficients, this ratio becomes
(K] av)shear _ 3 g7
( 3 EN
u J = 3.87 x 0.503 Ug15
(K L a v)frit (3*\u J frit (5-4)
4.0 cm/s
( ^ L a v)shcar 0.1 cm/s
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transport of oxygen. Since oxygen-based mass transfer coefficients are liquid-side 
controlled, using them as the sole basis for describing the transport of hydrophobic 
compounds is incorrect. For compounds which have very low vapor pressures (small 
Henry law constants), air-side resistance becomes important if not controlling. In 
Appendix 1, it is shown that for pyrene and PCP air-side resistance is controlling and 
that the overall mass transfer coefficient, k, is on the order of 1CH cm/s, which is 100 
times less than that predicted by scaling oxygen-based mass transfer coefficients. 
Predictions from Equation (5-2), however, agree very well with those based on air-side 
resistance.
The unique aspect of the Higbie method for predicting the mass transfer 
coefficient is that, as it is used here, it is based upon the gas contact time. This is 
important because for hydrophobic compounds, mass transfer is air-side controlling. 
Thus, reducing the mixing length has favorable effects in the sublation of hydrophobic 
compounds whose resistances to mass transfer are air-side controlled. For example, 
consider the bubble size, which is probably the smallest length scale. Substituting this 
value into (5-2) leads to a mass transfer coefficient on the order of 10-2 cm/s, which is 
on the same order as the oxygen-based (liquid-side) mass transfer coefficients. This 
suggests that when the length scale is reduced to the bubble size, air-side resistance is 
no longer controlling. This aspect of mixing, however, should not be confused with the 
discussion in Chapter 4.5.3 where it was concluded that the extent of axial mixing in the 
aqueous phase was unimportant in sublation. The latter was based on the premise that 
the solute is strongly retained in the solvent and is not back mixed; thus, deviations 
from ideal plug flow are not necessary (i.e. tall columns are not necessary). However, 
the way in which the mixing length affects mass transfer is important (see Appendix 1).
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5.2.4. Effect of the Henry Enhancement Factor
The effectiveness of the sublation mechanism is largely based upon the surface 
activity of the organic compound. This activity can be quantified in terms of the Henry 
enhancement factor, eh . For example, based on the thermodynamic properties, Hc and 
K a , listed in Table 1.3 for pyrene and neutral PCP, the enhancement factor can be 
calculated as function of the bubble radius, a. As shown in Figure 5.9, the enhancement 
factors for both compounds are significantly greater than 1. However, the enhancement 
factor for pyrene is consistently predicted to be 46% greater than that for PCP. This 
implies not only a greater driving force for the mass transfer of pyrene but also a greater 
removal efficiency. As shown in Figure 5.8, the fractional removal of pyrene was 
greater than that for PCP for all cases. Even the pyrene data collected from the porous 
frit showed better performance than the PCP data collected from the shear sparger.
Thus, the enhancement factor is a good indicator of the relative removal efficiencies to 
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Figure 5.9. The Effect of the Bubble Radius on the Henry Enhancement Factor for
Pyrene and Pentachlorophenol
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To further illustrate the influence of surface activity, run R-16 was conducted in 
which ionic-PCP was sublated. As shown in Table 5.1, the pH of the water was 
maintained at 9. The fractional removal for the run was 0.127 which was significantly 
less than the 0.853 value obtained from run R-24 which was conducted under similar 
operating conditions but with a  pH of 3. The reason for this dependence is that the pH 
affects the available amount o f the neutral PCP which is susceptible to the sublation 
mechanism. Knowing that the pK a of PCP is 4.74 (Montgomery and Welkom, 1990), 
one can calculate that the degree of dissociation of PCP at pH=9 is 70%. This implies 
that only 30% is surface active. Consequently, a very low removal efficiency was 
observed for the run; however, under acidic conditions (R-24), the removal efficiency 
was significantly larger because essentially all of the PCP was surface active.
5.2.5. Effect of Bubble-Wake Entrainment
Bubble-wake entrainment is the only mass transfer mechanism which separates 
solvent sublation from bubble fractionation. This mechanism may be thought of as 
liquid-liquid extraction. Given that the entrained water falls through the solvent as 
dispersed droplets, equilibrium is assumed to prevail. As such, this mechanism is 
characterized by the partition coefficient, Kow- Because of this additional transport 
mechanism, sublation removal efficiencies are greater than bubble fractionation 
efficiencies. To support this argument, bubble fractionation runs, R-131 and R-58, 
were conducted which investigated the removal in the absence o f mineral oil. In Figure 
5.10, fractional removal results of these experiments are compared to those obtained 
from corresponding sublation experiments, R -l 17 and R-30. For the bubble 
fractionation runs, the removal efficiencies for both neutral PCP and pyrene were about 
67%. For the sublation experiments, however, the removal efficiencies of PCP and 
pyrene were significantly greater, 90% and 96%, respectively. Clearly, this data is 
evidence that solvent sublation has a distinct advantage over bubble fractionation (or











Figure 5.10. The Effect of Solvent Extraction (K 0 w) and the Henry Enhancement 
Factor on Fractional Removal in Solvent Sublation and Bubble Fractionation
diffused aeration). More importantly, the data in Figure 5.10 also confirm the notion 
that bubble-wake entrainment is related to extraction as the partition coefficient was a 
good indicator of the relative sublation efficiencies for pyrene and PCP. However, 
extraction alone does not totally account for the difference in the efficiencies. As 
discussed in 5.2.4, the enhancement factor is also a contributing factor.
5.2.6. Model Predictions
Predicting sublation performance is a challenging problem given the large 
number of parameters and the relative dependencies they have on one another. As 
illustrated in Figure 5.11, the number o f parameters required for the SCM is 19.
Sublation
PCP
n * - 2 5 6V W
K ow =76412 
EH =  117
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Figure 5.11. A Pictorial Representation of the SCM Parameters Affecting Sublation
Performance
Though this is large, many o f the parameters are easily obtained such as the column 
dimensions, sparger type, fluid properties (e.g. water viscosity, density, surface 
tension), and operating conditions while others are obtained through simple calculations 
and experiments. The values of the parameters used in this study are listed in Table 5.3. 
The thermodynamic properties, H c and K a , appearing in the table were obtained from 
(Montgomery and Welkom, 1990) and (Hoff et al. , 1993), respectively. The Kow for
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Hc 7.65 x 10-4 7.65 x 104 1.39 x 104
K A (cm) 5.39 x 10-3 5.39 x 10-3 6.70 x 104
Kow 76412 76412 732
Design
Dc (cm) 10.16 10.16 10.16
L(cm ) 152.4 152.4 152.4
Hydrodynamic
a (cm) 0.122 Ug573 0.174 Ug24 0.174 Ug24
E 0.0491 Ug21 * 0.0352 Ug031 0.0352 Ug031
X(cm) 152.4 10.16 10.16
Kinetic
Number of CSTR n=l (i=2) n= l (i=2) n=l (i=2)
stages
Dab (cm 2/s)
k, Higbie Model 
(cm/s)
6.70 x 10-6 6.70 x 10-6 7.19 x 10-6
1 4 D ab 
p L / u g
1 4 D ab 
p D c/ u g
1 4  Dab 
P Dc /u g
kj, Film Theory 
(cm/s)
10'4 IQ’4 IQ'4
* The povver-law model here varies slightly from that cited in section 5.1 as it is based 
only on the data obtained from the porous frit and not the flexible rubber sparger.
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neutral PCP was determined experimentally while that for pyrene was calculated from 
theory (see Appendix A). The liquid diffusivities, D a b . were estimated from the 
Wilke-Chang correlation (Geankoplis, 1993), and the hydrodynamic correlations shown 
in the table are based on the data in section 5.1. Of all the SCM parameters, the amount 
of wake (water), dj, which is entrained into the solvent is the most difficult to determine 
and was therefore chosen as the single regression variable.
The procedure for determining dj was to adjust it until the fractional removal as 
predicted by the SCM matched the experimental fractional removal to at least three 
decimal places. In Table 5.4, the column labeled "exact dj" contains those values which 
gave the best agreement between theory and experiment. Interestingly, all of the 
adjusted values are nearly of the same order of magnitude,= O (10 '3) cm, regardless of 
compound type and sparger type. This observation is a good indication that the 
transport mechanisms in sublation have been accounted for appropriately. On closer 
inspection, however, the corresponding wake-to-bubble volume ratios, V w/Vb ~ 3 dj/a, 
are only on the order of = 0(1 O'2). Fan and Tsuchyia (1990) have compiled wake-to- 
bubble volume data from numerous investigators which show that for spherically- 
capped bubbles with effective diameters of 4  to 20mm, V \y/V b is on the order of 5. The 
bubbles observed in the sublation experiments, however, were much more spherically- 
shaped and smaller. Thus, the wakes associated with these bubbles should be very 
small and most likely are the results of entirely different physics than those discussed 
by Fan and Tsuchyia. Based on the relative magnitude of dj/a, it is believed that dj is 
related to the viscous boundary layer that develops around the bubble.
In the development of the velocity distribution for a rising gas bubble in a liquid, 
Levich (1962) found that the boundary layer thickness may be estimated from the 
bubble radius, the kinematic viscosity, and the rise velocity, U, as shown in Equation 
(5-6). The same result is predicted by Boundary Layer Theory (Bird e ta l . , 1960).
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Table 5.4. Adjusted and Regressed Bubble-Wake Thicknesses used to Evaluate the
Theoretical Fractional Removal
Bubble SCM (i=2) FR
Reynolds # Exact Regressed Regressed Relative
Sublation Run a (cm) (pU a) /  p dj (cm) di (cm) FR Error
R-73-9-21-94 0.048 121 2.45E-03 1.95E-03 0.779 -3.75%
R-79-9-27-94 0.048 121 2.43E-03 1.95E-03 0.841 -2.60%
R-80-9-29-94 0.048 121 2.21E-03 1.95E-03 0.779 -2.17%
R-87-10-12-94 0.048 121 2.40E-03 1.95E-03 0.840 -2.49%
R-88-10-13-94 0.078 517 1.83E-03 1.38E-03 0.873 -2.14%
R-89-10-15-94 0.115 345 8.26E-04 1.03E-03 0.904 0.93%
R-92-11-1-94 0.031 32 1.87E-03 2.61E-03 0.818 6.16%
R-94-11-15-94 0.031 32 2.49E-03 2.61E-03 0.693 1.28%
R-97-11-17-94 0.064 192 8.59E-04 1.58E-03 0.924 3.51%
R-99-11-30-94 0.078 234 1.58E-03 1.38E-03 0.821 -1.45%
R -100-12-1-94 0.166 498 7.76E-04 7.85E-04 0.901 0.03%
R -106-1-18-95 0.144 432 2.69E-03 2.83E-03 0.890 0.32%
R-l 13-2-9-95 0.167 501 4.07E-03 2.29E-03 0.926 -2.01%
R -117-3-7-95 0.183 549 4.49E-03 2.00E-03 0.943 -1.94%
R-l 20-3-21-95 0.178 534 6.93E-04 2.08E-03 0.968 1.30%
R-l 24-4-6-95 0.144 432 6.99E-03 2.83E-03 0.802 -9.12%
R-24-9-20-95 0.173 519 1.55E-03 2.20E-03 0.880 3.13%
R-30-9-26-95 0.191 573 2.20E-03 1.90E-03 0.898 -0.90%
R-33-9-29-95 0.191 573 1.66E-03 1.90E-03 0.947 0.46%
R-37-10-3-95 0.153 459 2.60E-03 2.63E-03 0.745 0.12%
R-40-10-9-95 0.153 459 2.60E-03 2.63E-03 0.796 1.57%
R-43-10-10-95 0.160 480 2.60E-03 2.46E-03 0.864 0.77%




Thus, substituting typical values into the equation, one can estimate the boundary layer 
around a rising bubble,
Interestingly, this prediction of dj is consistent with those shown in Table 5.4 indicating 
that the water which is entrained into the solvent is indeed the result of the boundary 
layer and not the wake — at least not the wake defined in the conventional sense. To 
seek further confirmation, attempts to measure the sizes of the water droplets in the 
mineral oil were made with the JAVA video image analyzer and a 10 power Olympus 
video camera. The procedure involved placing the camera flush to the wall of the 
overflow reservoir and centering the field of view on a 1" by 3/4" section of the 
solvent. The video camera was approximately 1/2" above the solvent-water interface. 
The method used in determining droplet size from the video-images was the same 
described in Chapter 3.3.1. Although measuring the droplet sizes was not difficult, 
capturing still images of the droplets with the video camera was. The reasons for this 
were two-fold. The first was that the fast speed at which the droplets traversed the field 
of view caused streaking in many of the images. The second problem was that the 
mineral oil became opaque due to aeration and had to be frequently replaced. 
Nonetheless, some still images were captured and analyzed. A histogram of the droplet 
sizes captured at ( Q a = 1592 cc/min, Qw= 0) is shown in Figure 5.12. The weighted- 
average for the data is 0.13 cm. When the values of dj and a in Table 5.4 are used to 
calculate the equivalent water droplet diameter, d (for example run R -106) and 
compared to the weighted average, one discovers that the two are nearly identical
= 5.8 X 10 ^cm
(5-7)
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92
d = 2^/(a + d j)3 -  a3 = 2^(o.l44 + 2.69xlO~3)3 -  0 .1443 = 0.1 lc
(5-8)
Thus, it is reasonable to conclude that bubble wake entrainment into the solvent is 
dictated by the viscous boundary layer. It is important, though, to emphasize that this 
finding is only applicable to the homogeneous flow regime. A t higher gas velocities the 
dynamics governing wake phenomena are vastly different. Though some light has been 
shed on the physics of the wake entrainment mechanism, the issue of determining the 
appropriate variable which to regress dj against still remains.
Levich showed that for bubble Reynolds numbers, (pU a / p) , < 800, the rise 
velocity depended upon the square o f the bubble radius . Experimental data (Clift et al., 
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Figure 5.12. Frequency Distribution of Measured Water Droplets Entrained in the
Mineral Oil During Sublation
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dependence has been shown to be much more linear. Substituting a2 for U and 
rearranging Equation (5-6), one finds that the theoretical dependence of the wake-to- 
bubble volume ratio is
(An a -1 dependence results if the contaminated water dependence is used; however, the 
subtle differences between the two do not affect the conclusion.) When the correlations 
in Table 5.3 for bubble size are used to eliminate the bubble radius, the wake ratio then 
becomes a function of the superficial gas velocity
Like most hydrodynamic properties, Equation (5-10) suggests that the appropriate 
variable to regress against is Ug. Furthermore, it predicts that the wake ratio for the 
shear sparger has a weaker dependence on ug than that for the porous frit. As shown in 
Equation (5-11), this was indeed the case; however, the actual dependencies are 
somewhat larger than the predicted values. Moreover, the R2 for the shear sparger was 
only 43% indicating perhaps that dj/a is independent of gas velocity or that there is an 
insufficient amount of data to base a conclusion.
When the entire data set is used in the regression, the dependence on Ug is = -3/4, and 





R 2 = 43% (5-11)
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The regressed dj's which result from (5-11) are shown in Table 5.4 and were 
used in the SCM to calculate the removal efficiencies. As expected, the regressed 
values do introduce error between the predicted and experimental removal efficiencies; 
however, the error in most cases is less than ± 3%. The largest deviation between 
theory and experiment was 9% and occurred for run R-124. In this particular run, 
however, the steady-state value was suspect due to interface control problems (see 
Figure H.5) and may explain the large error. A better way to assess the model 
predictions is to consider the parity plot in Figure 5.13. The absence of biases among 
the data sets is a strong indication of model validity. Moreover, this observation 
suggests that a generalized correlation of the type described in Chapter 4.5.1 may be 
sought. For cases where the solute capacity of the solvent is sufficiently large (Pw ^  
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Figure 5.13. A Parity Plot of the Theoretical Fractional Removal Calculated by the
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side entrainment number, E w , and the air-water Stanton number, S tWA- Since the PCP- 
mineral oil system does not meet the condition, the following correlation is valid only 
for the pyrene data
Equation (5-12) compares well with the theoretically-based correlation (4-17) in that the 
mass transfer associated with the air bubbles (S tWA) is weighted more than that 
associated with entrainment (Ew). The values of the exponents appearing in (5-12) and 
the leading coefficient, however, do differ from those in (4-17). Nonetheless, the 
correlation does confirm that for strongly hydrophobic compounds, sublation 
performance may be estimated quickly and accurately by considering just the two 
important mass transfer mechanisms associated with rising air bubbles.
5.2.7. Overall Mass Balance and the Separation Factor
One of the concerns with past sublation studies has been the lack of an overall 
mass balance which shows that the sublate is recovered in the solvent phase. Thus, for 
the pyrene experiments conducted in this study, the total amount of oil collected from 
the experiments was analyzed at the end of each run. In this way the mass of pyrene 
removed, based on the water analysis, may be compared to that recovered in the oil. As 
shown in Table 5.5, the mass recovered was less than what was removed in all but two 
cases (actually four, two are within experimental error). This suggests that in general 
there were unaccounted losses. Though the one possibility is that some of the pyrene 
may have been lost to the atmosphere, it is highly unlikely that this would occur given 
the low volatility of pyrene. The most probable loss mechanism is due to the fact that 
during the course of the sublation experiments, small droplets of oil were continuously 
sprayed onto and, to a limited extent, over the walls o f the overflow reservoir. The oil 
which was sprayed on the walls formed a film of residue which remained until it was
FR
R2 = 93%
1 -  FR
(5-12)
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R-73-9-21-94 5.59E-03 5.52E-03 1.29E-08 -1.2%
R-79-9-27-94 8.05E-03 6.42E-03 1.88E-08 -20.2%
R-80-9-29-94 7.34E-03 5.99E-03 1.72E-08 -18.4%
R-87-10-12-94 3.62E-03 3.63E-03 1.70E-08 0.3%
R-88-10-13-94 6.98E-03 6.15E-03 7.59E-08 -11.9%
R-89-10-15-94 4.78E-03 4.55E-03 1.07E-07 -4.8%
R-92-11-1-94 3.58E-03 3.52E-03 8.46E-09 -1.6%
R-94-11-15-94 5.52E-03 5.25E-03 1.23E-08 -4.9%
R-97-11-17-94 1.70E-03 2.04E-03 1.40E-08 20.2%
R-99-11-30-94 8.18E-03 6.75E-03 9.01E-08 -17.5%
R -l 00-12-1-94 5.06E-03 5.04E-03 2 .10E-07 -0.4%
R -106-1-18-95 4.59E-03 4.22E-03 5.16E-08 -8.0%
R-l 13-2-9-95 4.67E-03 4.27E-03 9.38E-08 -8.6%
R-l 17-3-7-95 4.81E-03 5.60E-03 1.06E-07 16.3%
R-l 20-3-21-95 2.32E-03 3.19E-03 6.29E-08 37.5%
R -l 24-4-6-95 1.01E-02 1.00E-02 1.13E-07 -0.2%
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wiped cleaned at the end of a run. These oil losses were estimated to be on the order of 
3% of the total oil processed and can account for as much as a 10% mass deficiency. 
For those runs in which the mass balances disagree by more than 10%, the 
discrepancies may in part be attributed to the fact that the variation between the feed 
stock concentrations was as much as 15 pg/L. Since the volumes of the feed stocks fed 
to the process were not necessarily equal, calculations involving the average feed water 
concentration may result in errors greater than 10%.
An important measure of the utility of the solvent phase in any liquid-liquid type 
separation process is the separation factor. It is defined as the ratio of the solvent 
effluent concentration to the water effluent concentration. As shown in Table 5.6, the 
separation factors determined from the pyrene sublation data ranged from about 30 to 
well over 300. Such large values are unique to sublation and are indicative of its 
superiority over solvent extraction. For example in solvent extraction, the ratio of the 
solvent flow rate to the water flow rate is generally much greater than the ratios used in 
this study. Consequently, the separation factor for the corresponding liquid-liquid 
extraction process would be much less than those shown in Table 5.6. Also appearing 
in the table are the theoretical oil concentrations predicted by the SCM. A comparison 
of these values with the experimentally determined concentrations indicates that in all 
but one case, the theory over predicts the concentration. The reason for this is attributed 
to the volume of oil used to fill the overflow reservoir during startup. Depending upon 
the amount of water in the column, the initial oil volume ranged from 1000 ml to 2500 
ml. Given the low oil flow rates used in the experiments, the average time required for 
turnover was calculated to be 15 hours, which coincidentally, was also the time required 
to reach steady-state. Therefore, the initial oil loading was a significant fraction of the 
total oil collected. When the oil concentrations appearing in the table are corrected for 
the dilution that results from the initial oil volumes, the agreement between the
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theoretical and experimental separation factors greatly improves as shown by the parity 
plot in Figure 5.14. Volume corrections would have not been necessary if the sublation 
runs were conducted over several days because at long times, the amount of oil used in 
the initial loading becomes insignificant to the amount fed.




















R-73-9-21-94 18.3 0.817 0.908 38
R-79-9-27-94 16.3 0.543 0.811 29
R-80-9-29-94 24.3 0.742 1.126 26
R-87-10-12-94 15.0 1.120 1.486 64
R-88-10-13-94 13.6 1.030 1.784 65
R-89-10-15-94 13.2 0.960 1.863 63
R-92-11-1-94 22.9 0.944 1.328 35
R-94-11-15-94 33.5 1.170 2.382 30
R-97-11-17-94 10.4 0.622 0.642 58
R-99-11-30-94 20.0 1.220 2.394 52
R-l 00-12-1-94 10.5 1.570 2.322 129
R-l 06-1-18-95 10.4 0.970 1.333 80
R-l 13-2-9-95 5.7 0.840 1.555 128
R-l 17-3-7-95 3.6 1.370 1.476 323
R -120-3-21-95 4.7 0.870 0.832 160
R -124-4-6-95 14.2 1.860 3.142 113
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Figure 5.14. Experimentally Determined Separation Factors (Corrected for Dilution 
due to Startup Inventory) versus the Theoretical Separation Factor
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CHAPTER 6. CLOSURE
6.0. Overview
In 6.1, the key findings of this dissertation are summarized. In 6.2, research 
opportunities in the area of solvent sublation (6.2.1) as well as in other areas (6.2.1) are 
discussed.
6.1. Conclusions
Unlike previous sublation studies which have been exploratory in nature, the 
present work has investigated the process as an alternative unit operation for the 
treatment of wastewater. Demonstrating practical aspects such as flow control, level 
control, and continuous operation at the pilot scale were accomplishments essential for 
building a case of industrial viability. Demonstrating steady-state removal efficiencies 
as high as 96% for pyrene and 94% for pentachlorophenol was another significant 
accomplishment. This result clearly showed the superiority of sublation over bubble 
fractionation as removal efficiencies in the later were limited to just 67%. Moreover, 
experimentally determined separation factors (measure of solvent utility) as high as 300 
also demonstrated the superiority of sublation over solvent extraction.
As one of the objectives was to develop a model more suited for engineering 
applications, the new Series CSTR Model (SCM) presented here not only considers all 
the mechanisms of mass transport but also the effects of hydrodynamic properties.
Since previous investigators had neglected such properties (e.g. gas holdup) as well as 
the importance of transport by bubble-wake entrainment, this was a significant step 
forward. For example, an examination of the properties affecting the specific intcrfacial 
area showed that the general belief that the benefit of solvent sublation was limited to 
low gas velocity (string bubbling flow regime) was false. Based on correlations in the 
literature, it was argued, and later demonstrated, the benefit of sublation was not only 
possible at high gas velocity but was greater. It was concluded that the optimum gas
100
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velocity for solvent sublation was the upper limit of the homogeneous flow regime. 
However, given the large number of operating and design variables which influence the 
transition from homogeneous flow to the heterogeneous flow, identifying the upper 
limit remains elusive. The general accepted limit is usually defined as a gas velocity of 
4  cm/s. However, it was shown that the transition to the heterogeneous flow regime can 
be delayed by as much as 1 cm/s using an annular shear sparger. The implication is that 
for bubble column processes which require homogeneous flow, column capacity is 
increased by 25% with the shear sparger.
SCM simulations and experiments were conducted which investigated the 
relative effects of the air-to-water flow ratio and the solvent flow rate. Due to the 
overwhelming transport associated with the air bubbles, it was concluded that the 
removal of hydrophobic compounds is essentially independent of the solvent flow rate. 
It was found that only that amount which ensures a steady-state is necessary. This is the 
reason why large separation factors were observed. On the other hand, the most 
important variable influencing sublation performance was the air-to-water flow ratio. 
This is primarily due to the fact that the air flow rate is related to the gas velocity which 
influences many column properties such as, the gas holdup, the bubble size, the 
exposure time for mass transfer, and the mass transfer coefficient.
From regression analyses of simulated and experimental data, it was shown that 
the fractional removal in solvent sublation may be estimated from the air-to-water 
Stanton number, StWA. and the bubble-wake entrainment number, E w  The Stanton 
number reflects the molecular mass transfer between the air and water while the 
entrainment number reflects the transport associated with water wake entrained into the 
solvent. These numbers were shown to be dependent upon two important quantities, the 
overall water-side, mass transfer coefficient, k, and the water boundary layer, dj 
(bubble-wake entrainment), respectively.
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In the calculation of the overall resistance to mass transfer, it was determined 
that the air phase was controlling. Consequently, a modified Higbie Penetration model, 
which included air-side resistance, was used to predict k. Additionally, new criteria for 
calculating the Higbie exposure time was presented. The calculation is based upon the 
dispersivity, or characteristic mixing length, which is a measure of the scale of the 
mixing. It was found that when the shear sparger was used, the dispersivity was on the 
order of the column diameter while that for the porous frit was on the order of the 
column height. The excellent fit between the SCM predictions and experimental data 
for both spargers supported this approach for determining the mass transfer coefficient.
It was shown that bubble-wake entrainment, which results from the water 
boundary layer surrounding a bubble, was a significant transport mechanism in solvent 
sublation. This was illustrated by the fact that the removal efficiencies observed in the 
presence of the solvent were approximately 90% while in the absence of solvent, the 
efficiencies were approximately 70%. Bubble-wake entrainment may be thought of as 
the solvent-water extraction part of the sublation process. This was based on the 
observation that the fractional removal of pyrene and PCP tracked well with the 
solvent-water partition coefficient. Other evidence that this mechanism is responsible 
for the increase in fractional removal (70% to 90%) was presented. It was shown that 
when the boundary layer thickness, dj, used in the SCM (and the ADM), was set to zero 
(dj=0 implies no solvent), the model adequately predicted the bubble fractionation 
efficiencies (~70%). In the case of sublation, where theoretical and experimental 
estimates were used fo rd i, the model predicted the sublation efficiencies (~90%).
Thus, the benefit of sublation over bubble fractionation is due to the solvent extraction 
of chemical from the water boundary layers surrounding the bubbles.
The effect of thermodynamic properties on sublation performance was 
investigated by perturbing the adsorption constant, K a , which reflects the surface active
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nature of hydrophobic compounds, and the Henry constant, H c in the Series CSTR 
Model. It was found that these effects can be combined and expressed in terms of the 
Henry enhancement factor, eH = 1 + 3KA /a  Hc , which is an excellent indicator of a
compound's susceptibility to adsorptive mass transfer. The observation that the 
experimental removal efficiencies of pyrene ( eji ~ 117) were greater than those for 
pentachlorophenol (eji ~ 77) supported this. For compounds which have very low 
enhancement factors, the principal driving force for mass transfer is bulk phase 
partitioning. Thus, for these compounds adsorptive mass transfer is not the mechanism 
for removal.
6.2. Recom m endations
Though great strides have been made in the area of solvent sublation, many 
issues still remain to be addressed. Moreover, opportunities for further research are 
abundant not only in sublation but in the general field of bubble columns.
6.2.1. Opportunities for Research in Solvent Sublation
At this point, the gains made from research on model sublation systems have led 
to a good understanding of the sublation mechanism; however, there is little to be 
gained by continuing to study such systems. The true measure of solvent sublation is 
the treatment of real wastewaters. It is not anticipated that the removal mechanisms in 
real systems will be any different than those presented here "formally"; however, 
demonstration is the key to gaining credibility from the engineering community.
The challenge of real wastewater lies is the fact that it contains materials other 
than VOCs and NVOCs. Suspended particles are probably the biggest concerns as their 
effect has not been explored in the sublation of organic compounds. Particles also 
collect at the air-water interface (see Chapter 1). Thus, the issue of surface competition 
may become important; on the other hand, suspended particles may lead to further 
enhancement of the surface concentration (see the article concerning sediment
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partitioning in section 6.3). Another issue of "other materials" (sludge, municipal 
waste, and in general, foreign matter) is the impact on the solvent. Most likely, foreign 
materials will be a problem, but to what degree? Another issue of suspended particles 
is the effect of impingement on the porous surface area of the sparger, such as the shear 
sparger. To what extent is erosion a problem? Does the shear sparger require an 
external water supply which is free of solids?
The continued success of using the SCM and ADM to predict sublation 
performance must be challenged. The best way to accomplish this is to perform 
sublation studies at larger scales. Because homogeneous flow is required, the low gas 
velocity requirement limits the water throughput. Thus, the column diameter must be 
larger than that studied here to accommodate large water throughputs. This is not a 
fatal flaw as diffused aeration devices also have large diameters (L/Dc=l to 2) — 
probably for the same reason. The challenges involved with a large diameter column 
are the design of the sparger(s) and the overflow reservoir. Implicit to the model, is the 
fact that the solvent does not become entrained throughout the column (reactor). 
Preventing solvent entrainment will require a well-conceived design o f the overflow 
reservoir. Given the observations presented in this work, the shear sparger appears to 
be the best choice for the gas sparger as it extends the homogeneous flow regime to 
higher gas velocities; however, other issues must be resolved, such as how many 
spargers to use in the reactor? how are they arranged? and do the hydrodynamics of the 
system change when multiple spargers are used?
Research in the area of VOC removal is warranted as it has been predominantly 
overlooked in the field of solvent sublation. Though the driver for VOC removal is 
bulk phase Henry law partitioning, it would be interesting to investigate the effect of 
bubble-wake entrainment (solvent extraction) on these compounds. Moreover, to what 
extent are VOCs retained in the solvent? Such research should include plans to measure
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the concentration of the air leaving the process. This particular work could, and most 
likely should, be done on a model sublation system.
Other research opportunities include applications other than wastewater 
treatment such as the recovery of monomeric or oligomeric organic compounds from 
process waters. That is, consider the role of solvent sublation as a recovery process for 
trace organics at the source (the process train). This may be the most practical 
implementation of sublation as the composition of process waters is generally well 
characterized and less challenging when compared to municipal wastewater. Though 
studies have examined the effect of the solvent in sublation systems, they certainly have 
not been comprehensive. Other solvents such as silicone oil, compressor oil, and motor 
oil, should be studied as well. Since current sublation studies have been aimed at 
wastewater applications, there is no reason to discount re-using oils from other systems. 
In this age of recycling and reuse, funds may be available for such work. Another issue 
regarding the solvent is its fate after being used in sublation. That is, can the solvent be 
cheaply regenerated or reused yet again in some other application? or should it be 
incinerated? Incineration is the most likely fate.
Finally, another opportunity for further work is to apply the new models 
developed here (SCM and ADM) to other related processes such as predispersed solvent 
extraction. This process was discussed in Chapter 1 and is very similar to solvent 
sublation in that adsorptive mass transfer and solvent extraction are the chief 
mechanisms of transport.
6.2.2. Opportunities for Research in Other Areas
One issue which is only partly resolved is that of predicting the overall mass 
transfer coefficient for hydrophobic compounds in gas-liquid dispersions. That is, 
exactly how does one account for gas-side resistance and derive a fundamental rate 
expression describing both adsorption and partitioning at the interface? An analysis in
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Appendix I suggests that the classic two-film resistance theory applies; however, the 
driving force, (Cw - C a^Hc eh), does not fall out of the theory. Higbie-based mass 
transfer coefficients support the arguments in Appendix I, but due to the myriad 
variables affecting hydrodynamic properties such as the mixing length, much more data 
is required before one can be certain that the Higbie model, as presented in this 
dissertation, is valid. Moreover, is the dispersivity of the shear sparger, in general, 
equal to the column diameter? or was this a coincidence? Finally, do the processes of 
adsorption and partitioning at the interface occur in parallel? If so, then why does the 
overall mass transfer coefficient based on this concept over predict both sublation and 
bubble fractionation efficiencies? These questions ultimately warrant an experimental 
investigation to directly determine the air-side mass transfer coefficient for hydrophobic 
compounds. Since this type o f research has many applications, the work need not be 
conducted in a sublation process.
The shear sparger studied in this work was referred to an annular shear sparger. 
The reason for the distinction is that there is a good argument for trying a radial shear 
sparger in bubble columns. Instead of having the water flowing in an annulus and 
ejected vertically into the column, consider water flowing between two parallel discs, as 
shown in Figure 6.1. Perhaps having the water ejected to the walls at the base of the 
column will alter the hydrodynamics favorably by reducing the intense mixing in the so 
called CSTR zone above the sparger.
In the course of this research, a prototype radial sparger was constructed and 
studied briefly. The observations indicated that the mixing above the sparger is reduced 
if not eliminated; however, despite this, the gap distance between the discs, 5, was 
believed to have been too large (1/8"). Though small bubbles (~100 pm) were 
observed, it was speculated that reducing the gap distance would result in smaller 
bubbles. It is recommended that future research should determine the effect of the
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radial shear sparger on (i) axial dispersion, (ii) gas holdup, (iii) bubble size, and (iv) 
oxygen mass transfer.
Water R ow  In
r = r =
j— z =  6 
v— z =  0
Water R ow  Out
Air Fed Through Porous Frit
Figure 6.1. Radial Shear Sparger Concept
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A ppe n d ix  a . O il /W a t e r  p a r t it io n  C o e f f ic ie n t s  Kq w
A.I. Pentachlorophenol (PCP)
The solvent-water partition coefficient for neutral PCP was determined 
experimentally by extracting several aqueous PCP solutions with different amounts of 
mineral oil and measuring the removal efficiencies. The analysis of such data involved 
combining the equilibrium relationship describing the partitioning of PCP, (A -l), with 
an overall mass balance, (A-2).
After some alegebraic rearrangement, one may show the following expression for the 
fractional removal
Thus as shown in Figure A .l, plotting the data as FR/(1-FR) versus the oil-to-water 
volume ratio yielded a slope, K 0vv = 732.
A.2. Pyrene
Given the low water solubility and strong surface activity of pyrene, 
experimental determination o f Kow by the extraction method was not practical. That is, 
to measure a similar effect as shown in Figure A .l for pyrene, one would have to use 
extreme values of V q/V w . Such values are impractical to handle in a conventional 
laboratory situation. Therefore, the solvent-water partition coefficient was estimated 
from the UNIFAC-predicted solubility of pyrene in mineral oil.
A classical method (Prausnitz et. al., 1986) for determining the solubility of a 
solid in a liquid is to define the standard state as the pure, subcooled liquid at
(A-l)
(A-2)
C w 1 - F R  Vw (A-3)
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Figure A .l. Graphical Determination of Kow for Neutral PCP
temperature T (25 °C) under its own saturation pressure. At equilibrium, the solubility 
may then be expressed as
f s x = -J— 7-
y f
(A-4)
where y is the liquid activity coefficient, and f s an d /^ a re  the fugacities of the pure 
solid and the subcooled liquid, respectively. Recognizing that the logarithm of the 
fugacity ratio is related to the free energy change associated with the transition from 
solid to liquid, and that the free energy change may be expressed approximately in 
terms of the enthalpy change and the melting temperature, one derives a simple 
relationship for the solubility, as shown in (A-5). In a binary mixture at constant
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temperature, y is a function o f x only. Thus, determining the solubility in a liquid 
requires the heat of fusion of the solid and its melting temperature.
1
x = — exp 
Y
i  ^  
RT„«i t  T I (A -5)
In the calculation of the solubility in oil, it was assumed that the composition of 
mineral oil was C 16H3 4 . Also, an estimate of the heat of fusion was used and was based 
on values for similarly related PAHs. Table A .l shows the values used to determine the 
solubility of pyrene in oil. The water solubility cited in the table was taken from 
(Montgomery and Welkom, 1990). The solvent-water partition coefficient, K ow, 
shown in the table is the ratio of the two solubilites adjusted for density.
Table A .l. UNIFAC Prediction of the Mineral Oil-Water Partition Coefficient for
Pyrene
T(K ) 298
W t ( K ) 424
In fusion  (estimated) (J/g) 127.3
y (Unifac) 3.4
Water Solubility (mol frac) 1.20E-08
Oil Solubility (mol frac) 0.0134
Kow dt/lt) 76412
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APPENDIX B. SURFACE TENSION MEASUREMENTS AND OIL SOLUBILITY
A Kriiss model K14 tensiometer was used to measure the surface tension of 
water samples saturated with mineral oil. The plate method was used. A container was 
filled with distilled water and a sufficient amount of oil to saturate the water. The 
sample was shakened vigorously and allowed to settle. This procedure was repeated 
many times over the course o f several days before the water was tested. Table B .l 
contains measurements determined by the tensiometer. (All measurements were taken 
during one session to ensure that the prevailing room conditions were the same for each. 
The cup dimensions were: diameter = 6.65 cm height = 3.75 cm.)
Table B .l. Surface Tension Measurements of Mineral Oil and W ater Samples
Sample Description T(°C) a  (dyn/cm)
Tap Water 22.8 73.06
Distilled W ater 23.2 73.46
Distilled W ater 23.8 72.68
Distilled W ater 24.3 73.67
Mineral Oil 23.1 30.35
Mineral Oil 24.2 30.41
Oil Saturated W ater #1 22.8 69.75
Oil Saturated W ater #2 24.3 73.04
Oil Saturated W ater #3 24.2 73.02
As shown in the table, the surface tension of the water was unaffected by the oil. (The 
low value obtained from analysis #1 was attributed to experimental error as surface 
tension measurements are extremely sensitive to temperature, vibrations, and the 
cleanliness of the plate. For instance, the effect of just leaving the door open to the 
laboratory (the door is located 5 ft from the tensiometer) is known to result in a two 
dyn/cm difference). The implication of this data is that the hydrodynamic properties 
measured for the air-water dispersion are unaffected by the presence of the oil phase.
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To estimate the amount of oil saturated in the water, Equation (B -l) can be used 
(Reid et. al. , 1987).
23
°mix = XOoil + C1"  x )°vvater-(6-02x10 )
,1/3 A
2RT (a watcr - ° o i l )  x( l “ x) (B -l)
where the average partial molar surface area is
A =







Substituting the data collected at 24 °C into the equation (B -l) and assuming the M W 0,i 
is 226, one calculates a saturation value of 0.53 mol%. This value, however, is 
significantly greater than that reported in the literature. Table B.2 shows the solubility 
of various paraffins in water. In most cases, the solubilities are less than 1 ppb(mol). 
Since the Condensed Chemical Dictionary (Rose and Rose, 1961) defines white mineral 
oil as a petrolatum liquid which is comprised of paraffins C I 6 H3 4  through C3 2 H6 6 . 
one may deduce that the solubility of the mineral oil is also less than 1 ppb.
Table B.2. Solubility of Paraffinic Oils in W ater (Yaws, 1992)
Paraffin Formula MW Boiling Pt. °C ppm(mol)
nonane C9H2O 128 150.7 0.01712
decane C10H22 142 173.7 0.00658
undecane C 11H24 156 195.5 0.00507
dodecane C12H26 170 215.4 0.00039
tridecane C13H28 184 234.6 0.00034
tetradecane C 14H30 198 253.0 0.00020
pentadecane C 15H32 212 270.4 0.00013
hexadecane C I6H34 226 287.0 0.00007
heptadecane C 17H36 240 302.8 0.00009
octadecane C I8H38 255 316.3 0.00015
nonadecane C 19H40 269 330.0 0.00011
eicosane C20H42 283 343.8 0.00012
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Appe n d ix  c . P u m p  C a l ib r a t io n  D a ta
Table C .l contains regressed flow rates obtained from the calibration of the two 
FMI metering pumps and the Omega flow tube. Multiple replicates were collected at 
each setting for the pump data shown in the table. Linear fits to the data were excellent 
as correlation coefficients of 0.99 were calculated. Deviations among the replicates 
were on the order of ±1 cc/min for the water flow rates and ±0.1 cc/min for the oil flow 
rates. The data for the flow tube was provided by the manufacturer.
Table C. 1. Calibration Data for FMI Metering Pumps and Omega Flow Tube
FMI Pump Oil Flow Water Flow Flow Tube Air Flow
Setting Rate Rate Scale (mm) Rate
(cc/min) (cc/min) (SCCM)
0 0 0 10 959
1 2.0 13.9 20 2225
2 4.0 27.9 30 3454
3 5.9 41.8 40 4732
4 7.9 55.8 50 5977
5 9.9 69.7 60 7156
6 11.9 83.7 70 8307
7 13.9 97.6 80 9462
8 15.9 111.6 90 10607
9 17.8 125.5 100 11814
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APPENDIX D. DATA ACQUISITION AND CONTROL SYSTEM (DAC)
D .l. Instrumentation
The data acquisition and control (DAC) system is composed of three units: (1) 
the PC and printer, (2) the communications interface and output board, and (3) the 
instrument interface and multimeter (Radio Shack 22-168). In basic terms, the PC 
sends a binary signal through the parallel port which corresponds to one of the six 
conductivity probes. The communications interface intercepts and amplifies the signal. 
The amplified signal activates a relay on the instrument interface. Activating the relay 
places the multimeter's probes across a resistor which is in series with the conductivity 
probe. Finally, the meter measures the voltage and transmits it to the PC through the 
serial port. The following sections describe each of the unit's function and design in 
more detail.
(1) PC and Printer: One of the functions of the PC is to transmit data from the 
parallel port to the printer buffer. Data is sent to the printer buffer in BASIC by first 
opening a predeclared printer device, like LPT1 (OPEN LPT1 AS #1). Next, a sem i­
colon, placed at the end of a PRINT statement, instructs the printer to hold the data in 
the buffer (i.e. PRINT #1, xxxx;). All data sent to the buffer is expressed in binary (D7 
D6 D5 D4 D3 D2 D1 DO) 2, where DO through D7 take on the logical values of 0 
(low=GND) or 1 (high=+5V). Bits DO through D7 correspond to pin numbers 2 
through 9 on the parallel port. Because the remaining pins pertain to handshaking, 
printer status, and control, the output of the parallel port must be connected to the 
printer, and the printer must be ready to receive data. To send a  particular binary 
number, say (00000100)2, one uses the CHR$([argument]) command and the 
corresponding decimal form of the number: PRINT #1, CHR$(4); The second function 
of the PC is to receive data from the multimeter through the 9 pin serial port (or 25 pin 
serial port with 9 pin adapter).
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(2) Communications Interface and Output Board: The first function of the 
communications interface is to intercept the data transmission between the PC and the 
printer. This is done by "breaking out" the RS-232 cable over a  barrier strip. The 
second function is to amplify the power of the binary signal. A schematic of the 
communications interface circuit is illustrated in Figure D. 1. In the top of the figure, an 
unregulated DC source supplies power to a series of Darlington (D) transistors 
(amplifiers). As shown in the figure, Pins 4  through 9 correspond to conductivity 
probes A through F. For the circuit to work correctly, only one of the six pins may be 
high (+5 V) at one time. If not, incorrect measurements will be made. The function of 
the output board is to actuate the solenoid valve. A PC relay, triggered by pin #2, is 
used to deliver power to the valve.
(3) Instrument Interface and M ultim eter An illustration of the instrument 
interface is shown in Figure D.2. Again, two functions are performed with this circuit. 
The first is to set up six current loops assumed to act independently. In the top of the 
figure, a 5 kHz sine wave generator source provides the loops with an applied Emf. 
Each loop has two sources of resistance, a 1 k ohm resistor and the liquid media 
between the probes. Since mineral oil is not conductive, the current loops contacting 
the oil remain open while the current loops contacting the water remain closed. The 
second function of the instrument interface is to receive the amplified binary signal 
from the communications interface and place the multimeter probes across the 
appropriate 1 k ohm resistor. As shown in the bottom of Figure D.2., a series of 5 V PC 
relays are used. Once the multimeter registers the voltage Vj, where i = {A through F}, 
the data is transmitted to the PC where the interface height is calculated by a simple 
linear interpolation routine.
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D.2. DAC Program
REM *** Solvent Sublation DAC System
REM *** Created by Jeffrey S. Smith on August 23, 1995
REM *** Interface Control Theory
REM *** created by Michael Kurtz and written by Jeffrey S. Smith 
REM *** process model, dh/dt=1/A rea (INF - OF)
REM *** where dh/dt is tank height with time
REM *** where hsp is height setpoint
REM *** where Area is cross-sectional area of tank, cm2
REM *** where INF is water feed rate and constant, cc/min
REM *** where OFC is calculated water effluent rate, cc/min
REM *** where OF is implemented water effluent rate, cc/min
REM *** OFmin is minimum output flow rate via solenoid valve
REM *** OFmax is maximum allowable output flow rate via solenoid valve
REM *** ValveFlow is actual ouptut flow rate, 160 cc/min
REM *** dt is the arbitrarily chosen data acquisition time, min
REM *** program initialization
DECLARE SUB GetVoltage (volt!)
ON ERROR GOTO Alert 
CLS
REM *** opening communication pathways 
OPEN "data.dat" FOR APPEND AS #1
OPEN "com l: 1200, N, 7, 2, RS, CS, DS, CD" FOR RANDOM AS #2 
OPEN "lptl" FOR RANDOM AS #3 
REM *** clearing the buffer before beginning 
PRINT #3, CHR$(0);
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REM *** setting minute counter to 0 
counter = 0 
REM *** setting process parameters 
ValveFlow = 160 
OFmax = 2 1 3 *  ValveFlow 
OFmin = 0 
INF = 27.9
Area = 3.14159 / 4  * (11 * 2.54) A 2 
d t=  1 
hsp = 6 
KP = 8 / 6 0  
KI = .8 / 60 / 60 
KW UP = 4 / 6 0  
Vintf = .025 
ERRFLAG = 0 
REM *** main
REM *** beginning nth time interval 
999 starttime = VAL(RIGHT$(TIME$, 2)) 
REM *** acquire data 
GOSUB Acquire 
REM *** assessing potential I/O device error 
1055 IF ERRFLAG = 1 THEN 
topen = 0 
ERRFLAG = 0 
GOTO 1255 
END IF
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REM *** curve fit data and determine present value of height 
GOSUB Interpret
REM *** determine time for valve to be opened within current time interval 
GOSUB Control 
REM *** wait until time interval is up 
1255 GOSUB TimeCheck 
REM *** incrementing time interval 
counter = counter + 1 
CLS
LOCATE 5, 25: PRINT "Total Elapsed Time counter;" min"
IF (counter MOD 20) = 0 OR (counter MOD 37) = 0 THEN 
W RITE #1, "Voltage Profile: A,B,C,D,E,F a t ", counter," min" 
WRITE #1, VoltA, VoltB, VoltC, VoltD, VoltE, VoltF 
W RITE #1, "Topen, OF, OFC, hnew, WUPold"
W RITE #1, topen, OF, OFC, hnew, WUPold 
END IF 
GOTO 999 
REM *** END of MAIN 
Acquire:
REM *** data acquisition routine 
REM *** setting meter at probe A, 2.5"mark 
PRINT #3, CHR$(4);
CALL GetVoltage(VoltA)
IF VoltA < -9000  THEN 
ERRFLAG = 1 
RETURN
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END IF
REM *** setting meter at probe B, 4.5"mark 
PRINT #3, CHR$(8);
CALL GetVoltage(VoltB)
IF V oltB< -9000 THEN 
ERRFLAG = 1 
RETURN 
END IF
REM *** setting meter at probe C, 5.5"mark 
PRINT #3, CHR$(16);
CALL GetVoltage(VoltC)
IF VoltC < -9000  THEN 
ERRFLAG = 1 
RETURN 
END IF
REM *** setting meter at probe D, 6.0"mark 
PRINT #3, CHR$(32);
CALL GetVoltage(VoltD)
IF V o ltD < -9000 THEN 
ERRFLAG = 1 
RETURN 
END IF
REM *** setting meter at probe E, 6.5"mark 
PRINT #3, CHR$(64);
CALL GetVoltage(VoltE)
IF V o ltE < -9000 THEN
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ERRFLAG = 1 
RETURN 
END IF
REM *** setting meter at probe F, 8.0"mark 
PRINT #3, CHR$(128);
CALL GetVoltage(VoltF)
IF VoltF < -9000 THEN ERRFLAG = 1 
RETURN 
Interpret:
REM *** show voltage profile on screen
LOCATE 17, 25: PRINT "Probe", "Voltage" 
LOCATE 18, 25: PRINT "8.0in", VoltF 
LOCATE 19, 25: PRINT "6.5in", VoltE 
LOCATE 20,25: PRINT "6.0in", VoltD 
LOCATE 21,25: PRINT "5.5in", VoltC 
LOCATE 22, 25: PRINT "4.5in", VoltB 
LOCATE 23, 25: PRINT "2.5in", VoltA 
REM *** determine interface height from voltage profile 
IF VoltF < = .05  THEN 
REM *** interface is below 8.0"
IF VoltE < = .05  THEN 
REM *** interface is below 6.5"
IF VoltD < = .0 5  THEN 
REM *** interface is below 6"
IF VoltC <= .05 THEN 
REM *** interface is below 5.5"
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IF VoltB <= .05 THEN
REM *** interface is below 4.5"
IF VoltA < = .0 5  THEN
REM *** interface is below 2.5" 
h = 2.5 
ELSE
REM *** interface is between 2.5"(A) and 4.5"(B) 
h = 2.5 + (4.5 - 2.5) / (ABS(VoltB) - ABS(VoltA)) * (Vintf-  ABS(VoltA)) 
END IF 
ELSE
REM *** interface is between 4.5"(B) and 5.5"(C) 
h = 4.5 + (5.5 - 4.5) / (ABS(VoltC) - ABS(VoltB)) * (Vintf - ABS(VoltB)) 
END IF 
ELSE
REM *** interface is between 5.5"(C) and 6"(D) 
h = 5.5 + (6 - 5.5) / (ABS(VoltD) - ABS(VoltC)) * (Vintf - ABS(VoltC)) 
END IF 
ELSE
REM *** interface is between 6"(D) and 6.5"(E) 
h = 6 + (6.5 - 6) / (ABS(VoltE) - ABS(VoltD)) * (Vintf - ABS(VoltD)) 
END IF 
ELSE
REM *** interface is between 6.5"(E) and 8.0"(F) 
h = 6.5 + (8 - 6.5) / (ABS(VoltF) - ABS(VoltE)) * (Vintf - ABS(VoltE)) 
END IF
ELSE
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h = 8 
END IF
REM *** show present value of interface height 
LOCATE 24, 25: PRINT "Interface= h ; " in" 
hnew = h 
RETURN 
Control:
REM *** by-pass control routine when program starts 
IF counter <= 0 THEN GOTO 888 
REM *** calculating deviation from setpoint 
DEV new = hsp - hnew 
REM *** calculating output reference signal 
FO R j = 1 TO  250
REFnew = REFold + K P * (DEVnew - DEVold) + KI * dt * 60 * DEVnew 
REFnew = REFnew + KWU * dt * 60 * WUPold 
REM *** calculating water effluent for steady-state 
OFC = INF - Area * REFnew 
REM *** anit-windup control
IF OFC <= OFmin THEN OF = OFmin 
IF OFC < OFmax AND OFC > OFmin THEN OF = OFC 
IF OFC >= OFmax THEN OF = OFmax 
REM *** windup error to be used in next time step 
WUPnew = OF - OFC 
W UPold = WUPnew 
NEXT j
REM *** calculating time for valve to be open and rounding to sec
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topen = OF / ValveFlow * dt * 60 
IF topen - FIX(topen) <= .5 THEN 
topen = FIX( topen)
ELSE 
topen = 1 + FlX(topen)
END IF 
REM *** displaying values
LOCATE 11,25: PRINT "PI Signal = REFnew 
LOCATE 12, 25: PRINT "Valve Time(sec) = "; topen 
LOCATE 13, 25: PRINT "Calc Effluent Flow(cc/min) = OFC 
LOCATE 14,25: PRINT "Implemented Effluent Flow(cc/min) = "; OF 
REM *** imposing an operational constraint 
IF topen < 1 THEN topen = 0 
REM *** storing interval's information for next interval 
REFold = REFnew 
DEVold = DEVnew 
WUPold = WUPnew 
888 RETURN 
TimeCheck:
REM *** checking total time available in interval and time for valve 
runtime = VAL(RIGHT$(TIME$, 2))
IF runtime >= starttime THEN texpired = runtime - starttime 
IF runtime < starttime THEN texpired = 60 - starttime + runtime 
IF texpired > 20 AND topen >= 40 THEN topen = topen - (texpired - 20) 
valvestart = VAL(RIGHT$(TIME$, 2))
REM *** opening valve if necessary
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IF topen > 0 THEN PRINT #3, CHR$(1);
REM *** duration for valve to be opened 
WHILE valvetime < topen 
7 runtime = VAL(RIGHT$(TIME$, 2))
IF runtime = valvestart THEN GOTO 7 
IF runtime > valvestart THEN valvetime = runtime - valvestart 
IF mntime < valvestart THEN valvetime = 60 - valvestart + runtime 
LOCATE 9, 25
IF topen - valvetime <= 2 THEN 
PRINT "Close Valve 
ELSE
PRINT "Open Valve f o r v a l v e t i m e ; " o f t o p e n ; " sec"
END IF 
WEND
REM *** resetting the timer for the valve 
valvetime = 0 
REM *** closing valve 
PRINT #3, CHR$(0);
REM *** calculating time left in interval (if any) and waiting 
texpired = texpired + topen 
waiting = 60 - texpired 
waitstart = VAL(RIGHT$(TIME$, 2))
WHILE waittime < waiting 
11 runtime = VAL(RIGHT$(TIME$, 2))
IF runtime = waitstart THEN GOTO 11
IF runtime > waitstart THEN waittime = runtime - waitstart
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IF runtime < waitstart THEN waittime = 60 - waitstart + runtime
LOCATE 9, 25
PRINT "Time Left in Interval ( s e c ) w a i t t i m e ; " o f w a i t i n g  
WEND
REM *** resetting the wait timer 
waitlime = 0 
RETURN
Alert:
REM *** routine for communications error 
CLS
REM *** clearing printer buffer 
PRINT #3, CHR$(0);
REM *** discerning error type 
SELECT CASE ERR 
CASE 57
LOCATE 5, 25: PRINT "I/O Device Error, Code="; ERR 
CASE ELSE
LOCATE 5, 25: PRINT "Unexpected Error, Code="; ERR 
END SELECT
LOCATE 7, 25: PRINT "By-passing Controller and Timing Out"
REM *** flagging error 
volt = -999999 
ERRFLAG = 1 
GOTO 1055
REM *** routine for getting voltage 
SUB GetVoltage (volt)
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REM *** assigning data retrieval code for multimeter 
A$ = "D"
FOR j = 1 TO  5900: NEXT j
PRINT #2, A$
in$ = INPUT$(14, #2)
LET volt = VAL(MID$(in$, 5, 5))
REM *** clearing printer buffer 
PRINT #3, CHR$(0);
END SUB
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A p pend ix  E. HP1046A f l u o r e s c e n t  D e t e c t o r  C a l i b r a t i o n  d a t a





10/12/94 960700 4.7 11/17/94 4749300 31.37
10/12/94 887270 4.7 11/17/94 7476400 53.33
10/12/94 704470 4.7 11/17/94 7276000 53.33
10/12/94 693250 4.7 11/17/94 7946500 53.33
10/12/94 786880 4.7 11/17/94 7653400 53.33
10/12/94 738370 4.7 10/12/94 9240900 62.47
10/12/94 727860 4.7 10/12/94 9269500 62.47
11/1/94 955300 6.27 10/12/94 9794600 62.47
11/1/94 931800 6.27 10/12/94 9426900 62.74
11/1/94 871200 6.27 10/12/94 9514100 62.74
11/1/94 756100 6.27 10/12/94 10000000 62.74
11/1/94 966100 6.27 11/1/94 6586000 62.74
11/1/94 760700 6.27 11/1/94 7094000 62.74
11/17/94 1190600 6.27 11/1/94 6971000 62.74
11/17/94 972200 6.27 11/1/94 8443000 62.74
11/17/94 1689900 6.27 11/1/94 8206000 62.74
11/17/94 1089600 6.27 11/1/94 8188000 62.74
10/12/94 3611300 23.5 11/1/94 12330000 101.95
10/12/94 3555300 23.5 11/1/94 16040000 101.95
10/12/94 3437900 23.5 11/1/94 13080000 101.95
10/12/94 3516000 23.5 11/1/94 12310000 101.95
10/12/94 3430500 23.5 11/1/94 11310000 101.95
10/12/94 3301900 23.5 11/1/94 14580000 101.95
10/12/94 3361000 23.5 10/12/94 17400000 109.8
11/1/94 2768000 23.53 10/12/94 16500000 109.8
11/1/94 3017000 23.53 10/12/94 16000000 109.8
11/1/94 2874000 23.53 10/12/94 19900000 109.8
11/1/94 3081000 23.53 10/12/94 18000000 109.8
11/1/94 3810000 23.53 10/12/94 16200000 109.8
11/1/94 3204000 23.53 11/17/94 17695000 110.42
11/17/94 4285900 31.37 11/17/94 15202000 110.42
11/17/94 4351500 31.37 11/17/94 16731000 110.42
11/17/94 4582800 31.37 11/17/94 16541000 110.42
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3/7/95 567940 3.137 2/9/95 8244600 62.74
3/7/95 635280 3.137 2/9/95 7883300 62.74
3/7/95 698270 3.137 2/9/95 7894300 62.74
3/7/95 835460 3.137 2/9/95 9002800 62.74
3/7/95 750180 3.137 2/9/95 9423700 62.74
3/7/95 711010 3.137 2/9/95 8272900 62.74
3/21/95 1178800 4.7055 2/9/95 8373000 62.74
3/21/95 991170 4.7055 3/7/95 11501000 62.74
3/21/95 917990 4.7055 3/7/95 11424000 62.74
3/21/95 1156100 4.7055 3/7/95 11523000 62.74
3/21/95 931250 4.7055 3/7/95 10187000 62.74
4/6/95 668340 4.7055 3/7/95 10649000 62.74
4/6/95 615520 4.7055 3/7/95 11034000 62.74
4/6/95 1638300 4.7055 3/21/95 8574400 62.74
4/6/95 1070300 4.7055 3/21/95 8047900 62.74
2/9/95 925640 6.274 3/21/95 8036300 62.74
2/9/95 1079800 6.274 3/21/95 8791300 62.74
2/9/95 1014200 6.274 3/21/95 8398000 62.74
2/9/95 1594900 6.274 4/6/95 9671800 62.74
2/9/95 1256900 6.274 4/6/95 10161000 62.74
2/9/95 980220 6.274 4/6/95 9147300 62.74
2/9/95 875060 6.274 4/6/95 9454500 62.74
3/7/95 4922500 25.096 4/6/95 9582500 62.74
3/7/95 4921400 25.096 2/9/95 15425000 109.795
3/7/95 4615700 25.096 2/9/95 15042000 109.795
3/7/95 4365200 25.096 2/9/95 17429000 109.795
3/7/95 4152000 25.096 2/9/95 15706000 109.795
3/7/95 4715400 25.096 2/9/95 15470000 109.795
3/21/95 3751300 25.096 2/9/95 15364000 109.795
3/21/95 3145700 25.096 3/7/95 22119000 109.795
3/21/95 3178600 25.096 3/7/95 22689000 109.795
3/21/95 3896500 25.096 3/7/95 25153000 109.795
3/21/95 4439900 25.096 3/7/95 19119000 109.795
2/9/95 3597100 28.233 3/7/95 20877000 109.795
2/9/95 3803600 28.233 3/7/95 18456000 109.795
table cont'd
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2/9/95 3718200 28.233 3/21/95 15610000 109.795
2/9/95 4056700 28.233 3/21/95 14641000 109.795
2/9/95 3749200 28.233 3/21/95 15526000 109.795
2/9/95 3909300 28.233 3/21/95 15557000 109.795
2/9/95 3799300 28.233 3/21/95 15232000 109.795
4/6/95 4214200 28.233 4/6/95 17392000 109.795
4/6/95 4187700 28.233 4/6/95 17096000 109.795
4/6/95 3819700 28.233 4/6/95 16271000 109.795
4/6/95 4760500 28.233 4/6/95 17116000 109.795
4/6/95 4410300 28.233 4/6/95 17118000 109.795
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1/1/95 427790 3.137 6/13/95 3728800 28.23
1/1/95 420200 3.137 11/15/94 3167800 30.75
1/1/95 346220 3.137 11/15/94 2858600 30.75
1/1/95 798740 3.137 11/15/94 4705700 30.75
1/1/95 695130 3.137 11/15/94 8969600 62.74
1/1/95 536140 3.137 11/30/94 8178700 62.74
11/30/94 734100 4.71 11/30/94 7787200 62.74
11/30/94 619340 4.71 11/30/94 7996700 62.74
11/30/94 702580 4.71 11/30/94 8178200 62.74
11/30/94 628520 4.71 11/30/94 7912200 62.74
11/30/94 635720 4.71 11/30/94 8004900 62.74
11/30/94 627060 4.71 11/30/94 8169700 62.74
11/30/94 775580 4.71 11/30/94 7824300 62.74
11/30/94 824280 4.71 1/1/95 7153100 62.74
12/1/94 555800 4.71 1/1/95 6952500 62.74
12/1/94 548820 4.71 1/1/95 6714400 62.74
12/1/94 609420 4.71 1/1/95 7572100 62.74
12/1/94 697980 4.71 1/1/95 7154300 62.74
12/1/94 707730 4.71 1/1/95 6827900 62.74
12/1/94 645690 4.71 6/13/95 10974000 62.74
6/13/95 806440 4.71 6/13/95 9744000 62.74
6/13/95 666050 4.71 6/13/95 9957100 62.74
6/13/95 741810 4.71 6/13/95 10350000 62.74
6/13/95 810670 4.71 6/13/95 9017300 62.74
6/13/95 738530 4.71 6/13/95 9327300 62.74
6/13/95 701980 4.71 11/15/94 7902700 62.74
11/15/94 1593600 12.54 11/15/94 13291000 101.95
11/15/94 1503900 12.54 11/15/94 13242000 101.95
11/15/94 1667500 12.54 11/15/94 15225000 101.95
11/15/94 1345900 12.54 11/30/94 15485000 101.95
1/1/95 1864600 18.82 11/30/94 12844000 101.95
1/1/95 1902000 18.82 11/30/94 13472000 101.95
1/1/95 2029800 18.82 11/30/94 14786000 101.95
1/1/95 2271800 18.82 11/30/94 13543000 101.95
1/1/95 2183200 18.82 11/30/94 13078000 101.95
1/1/95 1985400 18.82 11/30/94 12605000 101.95
table cont'd
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11/30/94 3088000 23.53 11/30/94 12570000 101.95
11/30/94 3016500 23.53 12/1/94 15136000 101.95
11/30/94 3485800 23.53 12/1/94 14797000 101.95
11/30/94 3027700 23.53 12/1/94 14697000 101.95
11/30/94 2995900 23.53 12/1/94 13889000 101.95
11/30/94 2459100 23.53 12/1/94 13214000 101.95
11/30/94 2293300 23.53 6/13/95 18901000 101.95
11/30/94 2177500 23.53 6/13/95 18610000 101.95
12/1/94 3867200 28.23 6/13/95 17727000 101.95
12/1/94 3869400 28.23 6/13/95 17264000 101.95
12/1/94 3831800 28.23 6/13/95 18172000 101.95
12/1/94 3657800 28.23 6/13/95 18781000 101.95
12/1/94 3705800 28.23 1/1/95 12655000 109.75
6/13/95 4311300 28.23 1/1/95 12102000 109.75
6/13/95 4155300 28.23 1/1/95 12062000 109.75
6/13/95 3996100 28.23 1/1/95 12675000 109.75
6/13/95 4012900 28.23 1/1/95 13007000 109.75
6/13/95 3955500 28.23 1/1/95 12555000 109.75
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Figure E.2. HP1046A Detector Calibration Plot (Mobile Phase: 80% MeCN)
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Figure E.3. HP1046A Detector Calibration Plot (Mobile Phase: 85% MeCN)
Table E.4. HP1046A Response Factors for Pyrene
Mobile Phase Average Relative
Concentration Response S tandard
Factor Deviation
(Area/ppb)
MeCN 70% 144622 12.0%
MeCN 80% 153525 13.7%
MeCN 85% 136294 15.1%
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APPENDIX F. DERIVATIONS AND SOLUTIONS FOR MATHEMATICAL MODELS 
F .l .  A naly tic  Solu tion  fo r  th e  SC M (i=2)
The analytical solution for the system of Equations (4-4) through (4-6), which
model the sublation process as three CSTRS (one is for the solvent phase), is
= ________________________ (1+ StA)(l+Stn +En+ PA)________________________
(1 + StA){(l +P A)(l + Ew +Stw) +E0 +St0} + StwA(l+E0 +St0 +P A)-S tAPAeH(Ew +Stw)
A ___________________ StA(l + St0 +E0 +PA)__________________________
(l+StA){(l + PA)(l+Ew + Stvv) + E0 +St0}+StwA(l+E0 + St0 + PA)-S tAPAeH(Ew +Stw)
g  _______________  (l + StA)(St +E0) + PAStAeH__________________
(l+StA){(l + PA)(l+Ew +Stw)+E0 + St0} + StwA(l + E0 +St0 +PA) -S tAPAEH(Ew + Stw) (p i)
F.2. Analytic Solution for the ADM2
At steady-state, the ADM2 system for describing the sublation process is 
d 2 A dA
— =-+ P e ,------+ S h ,(W -A ) = 0
d |2 1 d l  11
d 2W dW
^^2 Pe 2 -  Sh2 (W - A) = 0
P a ( « h A I | . 0- s ) + ( e o +  si„)(wis. 0- s ) - s -  o  (F2)
The two differential equations are subject to four boundary conditons. The boundary 
conditons used are "closed". A closed boundary condition is one where the 
convectional flux and dispersional flux terms are included in the mass balance at the 
boundary. An "open" boundary condition is one where the concentrations at the 
boundaries are fixed. Before the mass balances at the boundaries can be written,
143
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however, the directional dependence of the dispersional fluxes, jj, must be defined.
Because the system is countercurrent, the sign convention for the fluxes are defined as
dOj A = +D — — reverse geometry 
dx
dCw
j w = - D — — forward geometry
dx (F-3)
The boundary conditions at the bottom of the column are dealt with first. Since 
the air entering the column is free of pollutant and no dispersion occurs outside of the 
column, the boundary conditon at x=L for the air phase is
< -Q a C a ) |„ .l  - < - q a -o)|x_l+ -  j A|x. X e *  0 <M >
The boundary condition for the water phase at x=L is symmetry conditon which means 




The boundary conditons at the top are handled in a similar way. For the air leaving the 





The mass balance is more involved for the condition where the water enters the column. 
Convection, dispersion, molecular mass transfer across the solvent surface, and 
entrainment need to be included as follows,
(QwC w t o _  -(Q w C w)|x_0 - j w|x_0* r c2( l -  e)
/ 3 d -  o \ (  C )I n   L L i- „ ,-2 / 1 i r> i  e _ l  _  n
" r A a + k |J ir^(1~ e)j r wlx- ° " K i2" j = 0
The dimensionless forms of Equations (F-4) through (F-7) are shown in (F-8). The last 
step in the derivation is to eliminate the variable, S, by substituting the algebraic 
equation in (F-2) into the second boundary condition appearing in (F-8). Thus, the
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combination of (F-2) and (F-8) represents a well-posed mathematical problem 








= Pe2(Ew + S tw) ( W \ ^ 0 -  S) -  Pe2( l -  w|^0)
a Ie- i “
1 dA
dW




The PDE system was solved by using Cramer's Rule. Because the constant 
terms in (F-2) are both equal to zero, just setting the determinant of the linear operators 
equal to zero was satisfactory,
(d2 + P e 1d - S h 1)(d2 + Pe2 d - S h 2) - S h 1S h2 = 0
The roots to (F-9) are the eigenvalues of the problem whose solution has the form 
A = C!exp(X!) + c 2 exp(X2) + c3 exp(X3) + c4 exp(X4)
W = k1exp(?v.1)+  k2 exp(X2) + k3 exp(X3 ) + k4 exp(^,4 )
(F-9)
(F-10)
Analytic expressions were found for the eigenvalues as the quartic-characteristic 
polynomial was quickly reduced to a cubic polynomial, (i.e. One of the eigenvalues,
X-i, is zero.) However, a number of variable substitutions were required before the 
overall boundary-value-problem was obtained. These substitutions appear in Table F. 1. 
The solution for A and W is given as (F -11). Note that (F -11) applies to the situation 
where the solvent enters the system free of pollutant. In the case where the feed solvent 
concentration is not zero, such as the case of recycling the solvent, the form of the 
solution is slightly modified as shown in Equation (F-12).
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Table F. 1. Definitions of the Dummy Variables used in the Solution of the ADM
= 2 -J- Q cos J -  + 240
Sh







„ ( r  O 1 PA 8»
-  +S t w ) “ -  -  —
i + Pa  + Eq + st<
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Figure G .l. Bubble Size Histogram (Porous Fine Frit, 443 SCCM Air)
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Figure G.2. Bubble Size Histogram (Porous Fine Frit, 1592 SCCM Air)
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Figure G.3. Bubble Size Histogram (Porous Fine Frit, 2840 SCCM Air)
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Figure G.4. Bubble Size Histogram (Porous Fine Frit, 5355 SCCM Air)
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Figure G.5. Bubble Size Histogram (Porous Fine Frit, 7156 SCCM Air)
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Figure G.8. Bubble Size Histogram (Shear Sparger, 959 SCCM Air)
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Figure G.10. Bubble Size Histogram (Shear Sparger, 7156 SCCM Air)
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Figure G.12. Bubble Size Histogram (Shear Sparger, 16287 SCCM Air)
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Figure G.13. Template for Image Analysis (Grid Size: 6 .3 5 x 6 .3 5  mm)
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Figure G.14. Example Bubble Image (Porous Fine Frit, 443 SCCM Air)
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Figure G.15. Example Bubble Image (Porous Fine Frit, 2840 SCCM Air)
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Figure G.16. Example Bubble Image (Porous Fine Frit, 7156 SCCM Air)
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Figure G.17. Example Bubble Image (Porous Fine Frit, 14057 SCCM Air)
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Figure G.18. Ejection Zone of Shear Sparger
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Figure G. 19. Example Bubble Image (Shear Sparger, 959 SCCM Air)
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Figure G.20. Example Bubble Image (Shear Sparger, 7156 SCCM Air)
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Figure G.21. Example Bubble Image (Shear Sparger, 11814 SCCM Air)
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Figure G.22. Example Bubble Image (Shear Sparger, 16287 SCCM Air)
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APPENDIX H . FRACTIONAL REMOVAL DATA 
H .l .  Solvent S u b la tio n  R u n  R ep o rts
H.1.1. PvreneD ata




Sparger Type Porous Frit
Start Date 9/21/94 15:26
Stop Date 9/22/94 20:00
Qa (SCCM) 959
Q w (cc/min) 41.8
Qo (cc/min) 4








Steady State Average 0.809
Steady State Stdev 0.037
Steady State RSD 4.56%
Mass Balance
Total Mass Oil Fed, grams 6756.16
Oil Concentration 1, ppb(wt) 0.6822
Oil Concentration 2, ppb(wt) 0.8168
Pyrenc Fed, grams 6.90E-03
Recovered (Meth 1), grams 80.9% 5.59E-03
Recovered (Meth 2), grams 80.0% 5.52E-03
165
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Sparger Type Porous Frit
Start Date 9/27/943:00
Stop Date 9/29/94 1:50
Q a (SCCM) 959
Qw (cc/min) 27.9
Qo (cc/min) 2







Steady State Average 0.863
Steady State Stdev 0.009
Steady State RSD 1.05%
Mass Balance
Total Mass Solvent, grams 11816
Oil Concentration, ppb(vvt) 0.5434
Pyrene Fed, grams 9.33E-03
Recovered (Meth 1), grams 86.3% 8.05E-03
Recovered (Meth 2), grams 68.8% 6.42E-03
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Sparger Type Porous Fri t
Start Date 9/29/941:50
Stop Date 9/30/94 6:30
Qa  (SCCM) 959
Q w (cc/min) 41.8
Qo (cc/min) 4








Steady State Average 0.796
Steady State Stdev 0.018
Steady State RSD 2.29%
Mass Balance
Total Mass Solvent, grams 8067
Oil Concentration, ppb(vvt) 0.7422
Pyrene Fed, grams 9.21E-03
Recovered (Meth 1), grams 79.6% 7.34E-03
Recovered (Meth 2), grams______________ 65.0%_____ 5.99E-03
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Sparger Type Porous Frit
Start Date 10/12/94 19:35
Stop Date 10/13/9418:40
Q a (SCCM) 959
Qw (cc/min) 27.9
Qo (cc/min) 2





Steady State Average 0.862
Steady State Stdev 0.016
Steady State RSD 1.85%
Mass Balance
Total Mass Solvent, grams 3242
Oil Concentration, ppb(wt) 1.12
Pyrene Fed, grams 4.20E-03
Recovered (Meth 1), grams 86.2% 3.62E-03
Recovered (Meth 2), grams_______________ 86.5%______3.63E-03
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Sparger T ype Porous Fri t
Start Date 10/13/94 18:40
Stop Date 10/15/947:40
Q a (SCCM) 2225
Qw (cc/min) 27.9
Qo (cc/min) 2





Steady State Average 0.892
Steady State Stdev 0.035
Steady State RSD 3.89%
M ass Balance
Total Mass Solvent, grams 5968
Oil Concentration, ppb(wt) 1.03
Pyrene Fed, grams 7.82E-03
Recovered (Meth 1), grams 89.2% 6.98E-03
Recovered (Meth 2), grams______________ 78.6%______ 6.15E-03
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Sparger Type Porous Frit
Start Date 10/15/94 7:40
Stop Date 10/16/948:45
Qa  (SCCM) 4413
Qw (cc/min) 27.9
Qo (cc/min) 2





Steady State Average 0.896
Steady State Stdev 0.022
Steady State RSD 2.42%
Mass Balance
Total Mass Solvent, grams 4739
Oil Concentration, ppb(vvt) 0.96
Pyrene Fed, grams 5.33E-03
Recovered (Meth 1), grams 89.6% 4.78E-03
Recovered (Meth 2), grams 85.3% 4.55E-03
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Steady State Average 
Steady State Stdev 
Steady State RSD 
Mass Balance 
Total Mass Solvent, grams 
Oil Concentration, ppb(wt)
Pyrene Fed, grams
Recovered (Meth 1), grams 77.1%
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Sparger Type Porous Frit
Start Date 11/15/94 9:06











Steady State Average 0.684
Steady State Stdev 0.031
Steady State RSD 4.55%
Mass Balance
Total Mass Solvent, grams 4487
Oil Concentration, ppb(wt) 1.17
Pyrene Fed, grams 8.07E-03
Recovered (Meth 1), grams 68.4% 5.52E-03
Recovered (Meth 2), grams______________ 65.1%______ 5.25E-03
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Sparger Type Porous Frit
Start Date 11/17/94 10:35








Steady State Average 0.893
Steady State Stdev 0.023
Steady State RSD 2.63%
Mass Balance
Total Mass Solvent, grams 3277
Oil Concentration, ppb(vvt) 0.622
Pyrene Fed, grams 1.90E-03
Recovered (Meth 1), grams 89.3% 1.70E-03
Recovered (Meth 2), grams 107.4% 2.04E-03
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Sparger T ype Porous Fri t
Start Date 11/30/949:45
Stop Date 12/1/9418:30
Qa  (SCCM) 2225
Qw (cc/min) 41.8
Qo (cc/min) 2






Steady State Average 0.833
Steady State Stdev 0.014
Steady State RSD 1.63%
Mass Balance
Total Mass Solvent, grams 5530
Oil Concentration, ppb(wt) 1.22
Pyrene Fed, grams 9.82E-03
Recovered (Meth 1), grams 83.3% 8.18E-03
Recovered (Meth 2), grams_______________68.7%______6.75E-03
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Steady State Average 
Steady State Stdev 
Steady State RSD 
Mass Balance 
Total Mass Solvent, grams 
Oil Concentration, ppb(vvt)
Pyrene Fed, grams
Recovered (Meth 1), grams 90.1%





















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Sparger Type Porous Frit
Start Date 12/7/9422:30
Stop Date 12/8/9422:00
Q a (SCCM) 959
Qw (cc/min) 27.9
Qo (cc/min) Spent Solvent 2





Steady State Average 0.832
Steady State Stdev 0.032
Steady State RSD 3.84%
Mass Balance
Mass Solvent (This Run), grams 3715
Mass Solvent (Prev. Run), grams 3038
Initail Oil Concentration, ppb(wt) 1.57
Final Oil Concentration, ppb(wt) 2.00
Effective Oil Concentration, ppb(wt) 0.72
Pyrene Fed, grams 3.09E-03
Recovered (Meth 1), grams 83.2% 2.57E-03
Recovered (Meth 2), grams 86.0% 2.66E-03
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Table H.13. Experiment R -106-1-18-95
Sublation Conditions
Run ID R -106-1-18-95
Compound Pyrene
Sparger Type Shear (0.1 ft2)
Start Date 1/18/95 14:48










Steady State Average 0.887
Steady State Stdev 0.022
Steady State RSD 2.50%
Mass Balance
Total Mass Solvent, grams 4346
Oil Concentration, ppb(wt) 0.97
Pyrene Fed, grams 5.18E-03
Recovered (Meth 1), grams 88.7% 4.59E-03
Recovered (Meth 2), grams 81.6% 4.22E-03
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Steady State Average 
Steady State Stdev 
Steady State RSD 
Mass Balance 
Total Mass Solvent, grams 
Oil Concentration, ppb(wt)
Pyrene Fed, grams
Recovered (Meth 1), grams 94.5%
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Table H.15. Experiment R -117-3-7-95
Sublation Conditions
Run ID R -l 17-3-7-95
Compound Pyrene
Sparger Type Shear (0.1 ft2)
Start Date 3/7/95 10:00










Steady State Average 0.962
Steady State Stdev 0.009
Steady State RSD 0.97%
Mass Balance
Total Mass Solvent, grams 4085
Oil Concentration, ppb(wt) 1.37
Pyrene Fed, grams 5.00E-03
Recovered (Meth 1), grams 96.2% 4.81E-03
Recovered (Meth 2), grams 111.9% 5.60E-03
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Sparger Type Shear (0.1ft2)
Start Date 3/21/95 1:05
Stop Date 3/22/954:30
Qa  (SCCM) 5355
Qw (cc/min) 13.9
Qo (cc/min) 2




Steady State Average 0.956
Steady State Stdev 0.012
Steady State RSD 1.28%
Mass Balance
Total Mass Solvent, grams 3689
Oil Concentration, ppb(wt) 0.87
Pyrene Fed, grams 2.43E-03
Recovered (Meth 1), grams 95.6% 2.32E-03
Recovered (Meth 2), grams 131.5% 3.19E-03
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Table H.17. Experiment R -124-4-6-95
Sublation Conditions
Run ID R -124-4-6-95
Compound Pyrene
Sparger Type Shear (0.1ft2)
Start Date 4/6/95 12:04
Stop Date 4/7/95 19:30
Qa  (SCCM) 2225
Qw (cc/min) 55.8
Qo (cc/min) 2








Steady State Average 0.882
Steady State Stdev 0.031
Steady State RSD 3.50%
Mass Balance
Total Mass Solvent, grams 5394
Oil Concentration, ppb(wt) 1.86
Pyrene Fed, grams 1.14E-02
Recovered (Meth 1), grams 88.2% 1.01E-02
Recovered (Meth 2), grams 88.0% 1.00E-02
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H.1.2. Pentachlorophenol (PCP) Data
Table H.18. Experiment R -16-6-22-95
Sublation Conditions
Run ID R -16-6-22-95
Compound PCP
Sparger Type Shear (0.1ft2)
Start Date 6/22/95 13:30
Stop Date 6/23/95 9:00
Qa  (SCCM) 4732
Qw (cc/min) 27.9
Qo (cc/min) 2








Steady State Average 0.127
Steady State Stdev 0.053
Steady State RSD 41.4%
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Sparger Type Shear (0.1ft2)
Start Date 9/20/95 16:05
Stop Date 9/22/95 01:50
Q a (SCCM) 4732
Qw (cc/min) 27.9
Qo (cc/min) 2








Steady State Average 0.853
Steady State Stdev 0.014
Steady State RSD 1.61%
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Sparger Type Shear (0.1 ft*)
Start Date 9/26/95 15:50
Stop Date 9/27/95 16:35
Q a (SCCM) 7156
Qw (cc/min) 27.9
Qo (cc/min) 2





Steady State Average 0.907
Steady State Stdev 0.006
Steady State RSD 0.65%
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Sparger Type Shear (0.1 ft2)
Start Date 9/29/950:05









Steady State Average 0.942
Steady State Stdev 0.010
Steady State RSD 1.01%
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Sparger Type Shear (0.1ft2)
Start Date 10/3/95 14:45
Stop Date 10/4/95 14:10
Q a  (SCCM) 2840
Q w (cc/min) 55.8
Qo (cc/min) 2








Steady State Average 0.744
Steady State Stdev 0.010
Steady State RSD 1.40%
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Sparger Type Shear (0.1 ft2)
Start Date 10/9/95 23:30
Stop Date 10/10/95 21:50
Q a (SCCM) 2840
Q w (cc/min) 41.8
Qo (cc/min) 2








Steady State Average 0.783
Steady State Stdev 0.006
Steady State RSD 0.80%
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Sparger Type Shear (0.1ft2)
Start Date 10/10/95 21:50
Stop Date 10/11/95 15:00
Q a (SCCM) 3454
Qw (cc/min) 27.9
Qo (cc/min) 2








Steady State Average 0.858
Steady State Stdev 0.009
Steady State RSD 1.00%
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H.2. Bubble Fractionation Run Reports




Run ID R -131-6-13-95
Compound Pyrene
Sparger Type Shear (0.1ft2)
Start Date 6/13/95 23:13
Stop Date 6/16/95 12:30
Qa  (SCCM) 5977
Qw (cc/min) 27.9
Qo (cc/min) 0







Steady State Average 0.673
Steady State Stdev 0.043
Steady State RSD 6.40%
Mass Balance
Total Mass Solvent, grams N/A
Oil Concentration, ppb(wt) N/A
Pyrene Fed, grams 9.64E-03
Recovered (Meth 1), grams 67.3% 6.49E-03
Recovered (Meth 2), grams N/A N/A
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Sparger Type Shear (0.1ft2)
Start Date 11/27/95 16:15










Steady State Average 0.682
Steady State Stdev 0.023
Steady State RSD 3.38%
Mass Balance
Total Mass Solvent, grams N/A
Oil Concentration, ppb(wt) N/A
Pyrene Fed, grams 9.64E-03
Recovered (Meth 1), grams 67.3% 6.49E-03
Recovered (Meth 2), grams N/A N/A
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H.3. Fractional Removal Profiles
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Figure H .l. Fractional Removal Profile R-73-9-21-94
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Figure H.2. Fractional Removal Profile R-79-9-27-94




























0 .0 5 .0 10.0 15.0 2 5 .020.0 3 0 .0
Tim e (hr)
Figure H.3. Fractional Removal Profile R-80-9-29-94
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Figure H.4. Fractional Removal Profile R-87-10-12-94
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Figure H.6. Fractional Removal Profile R-89-10-15-94
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Figure H.8. Fractional Removal Profile R-94-11-15-94
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Figure H.10. Fractional Removal Profile R-99-11-30-94
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Figure H.12. Fractional Removal Profile R-103-12-7-94
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Figure H.14. Fractional Removal Profile R -l 13-2-9-95
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Figure H.16. Fractional Removal Profile R-120-3-21-95
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Figure H.18. Fractional Removal Profile R-16-6-22-95
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Figure H.19. Fractional Removal Profile R-24-9-20-95
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Figure H.20. Fractional Removal Profile R-30-9-26-95
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Figure H.22. Fractional Removal Profile R -37-10-3-95
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Figure H.24. Fractional Removal Profile R-43-10-10-95
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Figure H.26. F r  ctional Removal Profile R-58-11-27-95 (Fractionation)
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APPENDIX I. ON THE OVERALL MASS TRANSFER COEFFICIENT
1.1. O xygen-B ased  C oeffic ien ts a n d  A ir-S ide R esistance
Oxygen-based mass transfer coefficients were determined with the sublation 
column operating in a semi-batch mode (Qo=0, Qw=0). A YSI Model 55 oxygen meter 
was used to measure the dissolved oxygen in the water. The meter had a self- 
calibrating chamber in which the probe resided while not in use. The only requirement 
for calibration was that the sponge-like membrane which contacted the probe remain 
saturated with distilled water. The basis for the dissolved oxygen measurements was 
electrolytic-induced diffusion across a thin membrane. (The membrane came with the 
probe.) A potential, applied across the membrane, drove the dissolved oxygen through 
the membrane where it was reduced at the cathode. The meter then measured the 
current which developed and regulated it by adjusting the applied potential. The theory 
is that the response of the potential is proportional to the dissolved oxygen.
In a typical experiment, air, at a known flow rate, was sparged into the column 
until the meter showed that the dissolved oxygen was near 8.6 mg/L, the solubility at 22 
°C and elevation 0. (Distilled water was used.) Once steady-state had been maintained 
for several minutes, the feed gas was switched from instrument air to nitrogen. The 
switch to nitrogen occurred quickly and smoothly without any fluctuation in the gas 
flow rate. This was possible because the two regulators controlling the source of air and 
nitrogen were fed into one common regulator which fed the column. During the 
experiment, the drop in dissolved oxygen, C, was recorded with time. The conditions 
which were investigated included probe height, gas flow rate, and sparger type. The 
analysis of the data was as follows:
— --------2 ! S _ C  (a)
d t  a(l -  e )
dt "  a Le 9 (b) (I-D
204
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where Equations (I-la) and (I-lb) are unsteady-state mass balances for the water and air 
phases, respectively. In the driving force for mass transfer, it was assumed that Cg/Hc 
was negligible compared to C. The solution to (1-1) is
C /  3ke \ 
 1
f 3 k t \  /  Ug \ ]
C° p{ a (l -  e) ')
3k
£ g  T  r
C° u g 3ke | C' ^  a ( l -  e) ~) Le 7 | (1-2)
Ls a ( l - e )
The first eigenvalue is the volumetric mass transfer coefficient, K jjiv and was 
determined by calculating the slope of ln(C°/C) versus time. Sections 1.5 and 1.6 
contain the plots of ln(C°/C) versus time for the porous frit and the shear sparger, 
respectively. As shown in the figures, there does appear to be a  small bias associated 
with the probe height; however, this effect was considered negligible and was neglected 
in the analysis. The values of KLav obtained from the plots appear in Table 1.1 below.
Table 1.1. Oxygen-Based Mass Transfer Coefficients Obtained from the Porous Frit
and the Shear Sparger
Qg (cc/min) Ug (cm/s) KLav ( s '1) 95%  C.I.
Porous F rit
959 0.197 0.010 ±2.85%
2225 0.457 0.022 ±2.66%
3454 0.710 0.033 ±3.15%
5977 1.229 0.041 ±6.59%
8307 1.708 0.028 ±3.46%
11814 2.429 0.058 ±5.17%
S hear Sparger
959 0.197 0.010 ±8.66%
2225 0.457 0.017 ±7.58%
3454 0.710 0.026 ± 10.49%
5977 1.229 0.052 ±8.55%
8307 1.708 0.058 ±7.22%
11814 2.429 0.060 ± 10.35%
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The coefficients appearing in the table are typical of oxygen-based volumetric mass 
transfer coefficients collected in bubble columns. The important observation is that 
they are approximately 100 times greater than the overall coefficients predicted by the 
Higbie model shown in Equation (5-2). Even when the coefficients appearing in (5-2) 
are corrected for diffusivity and interfacial area, the factor is still 20. The reason for the 
discrepancy is the fact that the K i^y for oxygen is a function o f liquid-side resistance 
only. That is, gas-side resistance is not important in the transport o f oxygen. Consider 
Equation (1-3) which is the classical expression for the overall liquid-side mass transfer 
coefficient. Knowing that the dimensionless Henry constant for oxygen is 43,800 
(Thibodeaux, 1979a), one quickly deduces that the overall mass transfer coefficient 
(similarly KLay) is effectively the liquid-side coefficient, i q .
An order of magnitude calculation for k i is the water diffusivity divided by a 
hypothetical film thickness of 0.01 mm (Taylor and Krishna, 1993) (i.e. 1.8 x 10'5 / 
0.001 = 0.018 cm/s). Given that the specific interfacial area for the gas velocities 
appearing in the table is on the order of 1 cm '1, KLay is on the order of 0.018 s '1. In the 
case of pyrene, on the other hand, H c is 7.65x10^, and gas-side resistance cannot be 
neglected. In fact, it is the controlling resistance. The calculation below illustrates an 
order of magnitude calculation of k for pyrene based on the deoxygenation data, 





1 1 1 1 1
7.65x10
k
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Note that the air-side resistance is an order of magnitude greater than that of the liquid-
side. In the case of PCP, it is two orders of magnitude greater,
1 1 1  1 1
cpcp Ki  Hc Kg , / '7 .2 x l0 “6 cm2 / s \  
0.01cm Is]
0.5
1.8x10 cm / s ,
1 .3 9 x l0 -» 0 0 3 5 c m 2 /S
0.1cm
kp™ = ------------   = 4 .8 x l0 -5 cm / s
PC1 158+ 20555
Thus, gas-side resistance is extremely important for hydrophobic compounds which 
have low vapor pressures or equivalently, small Henry constants.
1.2. Oxygen KLay Dependence on Gas Velocity
The data appearing in Table 1.1 were regressed against the gas velocity to obtain 
correlations o f the form KLay = a  ugP for each sparger. Figure 1.1 show's the 
dependence of the oxygen mass transfer coefficient on gas velocity. In the case of the 
shear sparger, the dependence on velocity (ug0-78) is slightly greater than that for the 
porous frit sparger (ug06*) suggesting that mass transfer is enhanced for the shear 
sparger. As done in Chapter 5.2.3, the relative enhancement may be estimated by 
integrating the ratio of volumetric mass transfer coefficients over the gas velocity limits 
defining the homogeneous flow regime. The ratio of coefficients based on the 
experimental data appears in Equation (1-4).
(K ,,a v)sh„ r .  0 .0 3 5 3 u r -
<KL a v)rri, 0.0332 Ug 9 (M )
Interestingly, the dependence on the gas velocity is the same as that predicted by 
Equation (5-4), which is a significant result given the number of independent 
correlations used to generate (5-4). In Equation (5-5), the mass transfer coefficient for 
the shear sparger was a factor of two greater than that of the porous frit on average; 
however, (1-5) suggests that there is no significant difference in the oxygen
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Figure 1.1. Oxygen-Based Mass Transfer Coefficient versus Ug 
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The reason that the oxygen-based mass transfer coefficients are independent of 
the sparger type is attributed to the fact that oxygen mass transfer is liquid-side 
controlled. Since the exposure time in the Higbie model is taken to be the gas contact 
time, it seems reasonable that the shear sparger only affects air-side resistance. 
Therefore, use of the shear sparger benefits the mass transfer of compounds whose 
resistance is air-side controlled. It is interesting to note that when the bubble size is 
taken as the dispersivity (the smallest length scale based on physical arguments) in the 
Higbie model, k is on the order of 0.01 cm/s. This suggests that as the mixing length
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becomes smaller, the overall mass transfer coefficient approaches the value determined 
by liquid-side resistance.
1.3. Mass Transfer in Bubble Fractionation and Sublation
Equation (1-3) brings forth an important question: is it applicable to disperse 
two-phase systems? Intuition suggests that the effective Henry law constant be used in 
(1-3) instead of the intrinsic Henry law constant. An argument which supports this 
requires that the processes of adsorption and bulk phase partitioning occur in parallel. 
This is analogous to treating the interface as a separate phase which experiences only 
liquid-side resistance. The average resistance to mass transfer for both processes may 
then be combined by weighting them according to their partition constants. This is 
shown below.
k
a 1 1 . l \
" K a + H c K1 '
3
~ k a + H l H c K g ’ K \ )
V a  c )  ̂ a  c  /
_1_
k
Kl ( ; k a + h«)k‘
1 1• + •
k K | H k £ 
1 1
(1-6)
k Kx eHHc Kg
This result suggests that for pyrene (eh ~ 117) and PCP (eh ~77) air-side resistance is 
not important given the large enhancement factors. A comparison of overall transfer 
coefficients appears in Table 1.2. The mass transfer coefficients based on the 
enhancement factor are an order of magnitude greater than the classical two-film 
resistance model. At first glance, this appears to be a benefit o f including the effective 
Henry law constant. However, the coefficients based on (1-6) greatly over predicted the 
fractional removal observed in both the sublation and fractionation experiments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
210
Table 1.2. Overall Coefficients Predicted by Equations (1-3), (1-6), and the Higbie
Model
Run I.D. Qa EH Equation Equation Equation(1-3) d-6) (5-2)
(ml/min) k (cm/s) k (cm/s) k (cm/s)
classical effect of eh Higbie
theory model
Shear Sparger
R-106 Pyrene 2225 148 2.97E-04 8.19E-03 6.20E-04
R -124 Pyrene 2225 148 2.97E-04 8.19E-03 6.20E-04
R-113 Pyrene 4093 128 2.97E-04 7.96E-03 8.41E-04
R-120 Pyrene 5355 120 2.97E-04 7.86E-03 9.61E-04
R-117 Pyrene 5977 117 2.97E-04 7.81E-03 1.02E-03
R-37 PCP 2840 96 4.84E-05 3.17E-03 7.25E-04
R-40 PCP 2840 96 4.84E-05 3.17E-03 7.25E-04
R-43 PCP 3454 91 4.84E-05 3.07E-03 8.00E-04
R -24PC P 4732 85 4.84E-05 2.92E-03 9.36E-04
R-30 PCP 7156 77 4.84E-05 2.72E-03 1.15E-03
R-33 PCP 7156 77 4.84E-05 2.72E-03 1.15E-03
Porous Frit
R-92 Pyrene 443 685 2.97E-04 9.54E-03 7.14E-05
R-94 Pyrene 443 685 2.97E-04 9.54E-03 7.14E-05
R-73 Pyrene 959 440 2.97E-04 9.31E-03 1.05E-04
R-79 Pyrene 959 440 2.97E-04 9.31E-03 1.05E-04
R-80 Pyrene 959 440 2.97E-04 9.31E-03 1.05E-04
R-87 Pyrene 959 440 2.97E-04 9.31E-03 1.05E-04
R-103 Pyrene 959 440 2.97E-04 9.31E-03 1.05E-04
R-97 Pyrene 1592 330 2.97E-04 9.10E-03 1.35E-04
R-88 Pyrene 2225 272 2.97E-04 8.93E-03 1.60E-04
R-99 Pyrene 2225 272 2.97E-04 8.93E-03 1.60E-04
R-89 Pyrene 4413 184 2.97E-04 8.49E-03 2.25E-04
R-100 Pyrene 8307 129 2.97E-04 7.97E-03 3.09E-04
In the case of the porous frit experiments, the Higbie model predicts coefficients on the 
same order as the classic two-film model as shown in Table 1.2. This is significant 
because the Higbie model also fits the experimental data very well. The following 
analysis further indicates that the overall mass transfer coefficient is not based on 
Equation (1-6).
In bubble fractionation, the mechanism of bubble-wake entrainment is absent. 
Thus, overall mass transfer coefficients are readily obtained. Consider the bubble
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fractionation runs R-131 and R-58 in Table 5.1. In order to calculate the overall mass
transfer coefficients from the fractional removal results, the SCM was modified.
1 - W - S t wA( W - A )  = 0
- A  + S tA(W -  A) = 0
d-7)
Equation (1-7) has the solution
W =
1 + St ,
1 + St A + S twA
A =• S t,
l + S tA + S twA
(1-8)
When (1-8) is rearranged and the dimensional quantities are inserted, the overall mass 
transfer coefficient may be expressed as
k = aQv
3 jt r2 L e  \
1
■ -1 - Qw
FR H Q ,
-l
(1-9)
Substituting the appropriate values from Tables 5.1 and 5.3 into (1-9), the mass transfer 




0.1828 x (2 7 .9 /6 0 ) 1
pyr 3% x 5.082 x 152.4 x 0.0454 .673
27.9
5977
(3  x 5 .39x l0~3 
0.1828
+ 7.65x10"
k pyr = 1.2X10"4 cm / s
0.191 x (27.9 / 60)
rcP 3% x 5.082 x 1524 x 0.0524
kpcp = 4 .5 x 1 0 ^  cm / s
-l
27.9
' 682 7 156(-3X 6,7x10 + 1.39xl0~4
\  0.191
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
212
These values agree well with Equation (1-3) and those predicted by the Higbie model. 
Thus, it appears that the weighting procedure in (1-6) does not reflect the appropriate 
physics. Perhaps the processes of adsorption and partitioning are in series. If this is the 
case, then the classical two-film resistance model applies. It follows then, that the 
reason the shear sparger out performed the porous frit was because the shear sparger 
reduced the gas contact time which in turn reduced the air-side resistance.
1.4. Higbie Penetration Model for Two-Phase Resistance
In the development of the penetration model for interphase mass transfer, Higbie 
assumed unsteady-state penetration into a single phase having an initial solute 
concentration, C° (Sherwood et. al., 1975). In the analysis, the concentration at the 
interface is suddenly increased to C 1 and held constant. Physically, this may be pictured 
as a small fluid element of uniform concentration being brought into contact with a 
phase boundary for a fixed time, te (exposure time). Like the film theory, where the 
film thickness is difficult to determine, the exposure time is also difficult to determine; 
however, in some cases, it can be calculated. In the example cited in Chapter 2, the 
liquid in immediate contact with the gas bubble is replaced in a time equal to that for 
the bubble to rise one diameter. This implies that the resistance to mass transfer resides 
totally in the liquid phase, i.e. the phase which experiences the penetration. 
Additionally, it is implied that the bubbles rise in pure plug flow. Though one draws 
some insight from the example, how does one determine the exposure time when the 
How regime is different from plug flow?
Before addressing this question, the appropriate form of the overall-liquid-side, 
Higbie mass transfer coefficient, including gas phase resistance, must be derived. This 
is necessary because all of the mass balances derived in this work are expressed in 
terms o f an overall water-side driving force. Considering water-side resistance and
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resistance at the interface (due to surfactant), Sherwood et. al. (1975) derived that the 
total moles transferred during an exposure period may be expressed as
f
lf N d t J  e s s : +
J  |V  ft K
/









In the derivation of (I-10), the authors assumed that the resistance 1/Kj may be added to 
the liquid phase resistance. Thus, in the same spirit, gas side-resistance may also be 
added to the resistance. Since this dissertation assumes that the interface offers no 
resistance, Equation (I-10) is easily modified by substituting icgH for Kj.  Note that the 
driving force for mass transfer is based on the effective driving force (i.e. the effective 
Henry constant). The Higbie mass transfer coefficient reflecting water-side and gas- 









*erfc H k .
I d a b
( M l )
which may be expressed in compact form as
k M
4  D AB
Jt t„ exp(z2)* e r fc (z ) -1
H k . Hk ,
(M2)
where z is defined as HKg(te/DAB)®-̂ - A plot of the function containing z appears as 
Figure 1.2. When z is approximately > 1, the "correction function", f(z), becomes 
effectively zero. Therefore, (1-12) reduces to Equation (5-2).
The appropriate value of the exposure time appearing in (5-2) is that which 
describes the contact o f the gas phase with the phase boundary. Since the definition of 
the mixing length is similar to that of the mean-free path discussed in kinetic theory, the 
time to replace an element of the gas at the phase boundary is the time required to
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Figure 1.2. Correction Function for the Higbie Penetration Model
traverse the distance, X. Therefore, te is XIUg. This definition of the exposure time is 
valid in general; however, it is emphasized that Equation (5-2) is valid only when z > 1. 
If this condition is not met, Equation (1-12) must be used instead of (5-2). This criteria 
may be generalized in terms of the Sherwood and Peclet numbers based on the 
dispersivity and the liquid diffusivity as follows:
H K g s
9 X/Ug 
(X H k  ) 2 y2D
D 2 D ab(V u 9)AB '  M
S h ^ P e > /2
AB
(1-13)
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A plot of S h \ /  Pe\(1/2) as a  function of the superficial gas velocity appears in Figure
1.3. The plot includes the dependencies upon Hc, K a ,  a, and k  Two important 
observations may be drawn from the figure. Firstly, for gas velocities in the 
homogeneous flow regime, the criteria for neglecting the Higbie correction function 
(Sh^>  Pex.G/2)) is satisfied. This result validates the use of Equation (5-2) in the SCM. 
Secondly, the gas velocity where the Higbie correction function becomes important is a 
function of the Henry enhancement factor. This velocity is referred to as the critical 
velocity, u c. As the Henry enhancement factor decreases (pyrene —> PCP), the critical 
velocity decreases as illustrated by the curves for pyrene and PCP. Unfortunately, for 
these critical velocities to hold, homogeneous flow must prevail. Thus, the critical 














Figure 1.3. Argument of the Higbie Correction Function versus Gas Velocity
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Figure 1.5. Deoxygenation Profile versus Probe Height (Porous Frit, Qg = 2225 cc/min)
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Figure 1.13. Deoxygenation Profile versus Probe Height (Shear Sparger, Qg = 5977
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